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n ABSTRACT

G Traditicnally, fleet vehicle schedulszs for na

a
systems ars d2termined by using a minimum cost flow asdel.
However, with constraints such as an uppe

number of 1lines <hat a vehicls can serv
tlock, ths minimum ccst flow st W
heuristic procedures, 2 matching-baszd prccsdurs z2rd = =imsz
ircremen* prccedure, ares developed £ c
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¢T scheduliag

vehicles under these additional <cons<raints. Tha3z2 nroce-
dures 2at<empt to minimize tha averags zumber of linzs =a

vehicls tlock will traverse while miin=zinirg =z 2igh zv=r3gs

number c¢f <rips per vshicls =schziule, lew ieadhead ani

wai*ing times and a rinimum number of vehicles <¢ =z3:
z

+im2+%abls. Both procedures ainimi

func=icn 2rd have been tested on twd da<abases inciudiag =zhsz
Monterey-Salinas Transi= system iz Califozaia, Sclaticens
comparatle to the or2ser* vzhicle schedulices fer +hs
Mon<ersy-Salinas Transit systsa were ob=ainzd usirg +“hss=
Froceduress.
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I. INTRODUCTION

Fcr a mass transit system, the sch2duling 2f drivers and

vehiclas is a froblam that can be sclved wi-L rumerecus
procedures. This thesis only addresses the vehicle sched-
uling preklem but it does so ia a way =ha% sheuld assist in

the scluticn 2o *the driver sch2duling problem.

A. BACKGROURND

The sta*e-of-the-art in the scheduling of drivszs an?
vzhicles for a mass +ransi sys*=m has zdvanczéd frem
tive, Lut yet effsctivs, maauwal m2thods +“» ccmputerized
pzocedures. The marual methods havs precducsé <C-zascrnazpls
soluticas but have several disadvantagss.

1. The times required o2 producz a solutiorn may be lengzhy
ssverzl wesks).

2. Ex<ra censtrain+ts are2 difficult <o hardls.

3. Al%“ernats scluticns cannct be zt2s5::d gquickly ardéd
effectively.

Fur<hermor2, <+the gJuali:y of a manual soliazic
ccmplex preklsm such as *he vzhicls scheduling probiza wi=h

sids constraints can ke depend2n< upon the expacisncs lavel
cf cthe rplanner cr scheduler and it is becomizg extTzmely
difficult tc train nsv schedulars.

i+h *ke advenat o2 compu+asized preoczéuces, acn4d

feasitla solutions can be gquickly fcuni and rmul+=igple
fsasitl: sclutions can be <efficien«ly derived by chargira
+h2 parameters of ths model. Morsover, computsrized preccea-
durss canp r<duce the effort and <%ime necessar

~
ok
(9
o)
[R]
1]
ll
9
]
N

novice zcheduler.
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Many c¢f the =arlier conmput zd procedurss wsr-s izavel-

cped alcng *h2 lin2s of run <cutting wnich =2kss & vehicle
chaduls and separatss the schadule 1into segmsnts

tor sclving the driver scheduling p-oblzam. The firs+t lazge
scale ccmpu<erized iaplemen<ta+ion of run curtcing was cz21124
RUCUs. The RUCUS system for scheduliag ucban mass <rarnsi=
drivers and vehicles, [Ref. 1], was developzd in <kz latsz
1960%'s =an? field tested in th2 =2arly 1970's. The firs=
varsicn ¢f ROUCUS was mada availzs
Since RUCUS was developed under th2 sponscrship cf <he Urban
Mess 7Tcarspertaczion Adamiaistra+tion  (UMTA) cf -*hz U.S.
¢ ¢t Transportation, it was iIntended ¢ b2 =2
ackag2 availabls ¢o0 and usapnl2 by a widz vaczie+«y of
gsncies. The initial =xp=zc-iances with RUCUS wzr2
disaprcintiag in 4+he sense thaz £few agenciss were abls =c

es

successfully use it without significant modificatiocn. Thsz
latay varsion of RUCUS (called RUCUS2) is much =asizr %« us2
ard <cpzrz%es in a more ‘'user £riendly"™ 2nvircnmen<+.
Howa2vyes, RUOCUS2 was just reczatly =c-slzased by UMTA éc “ ha<

i+s succses in the fizld is s<ill =00 sarly <*c dz<zrmirna.
a

C-her agpgrcachzs <o sclving <he AdArivsc and vehicle sched-
vling problems use 323 partictioning znd se*t covzring
mzthc [Ref. 213 Except in isciat=d cases, =hese proce-

dur=s have zot yit keen use
Hesu-istic apgroaches fecr sol
ara *ke ccencurrent schedulez, <he s=rT
tien, and *he wmatching-pasei =21gerizhn. A

ain, -hessz
frecceducszs have only b2en used in +<hsz £izl3 in  isolaczad
casas. This 4“hssis #4ill adap= scme of <he ma~-ching=-tassi
proceduzes in [Ref. 3] 3nd (R=2f. 4] <o =solve the vehicla
schz2duiirg problem wi«h dip=erlinirg. This pzotklem is
d2scribad late:-.

10
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B. THE ALGCRITHNMIC FHILOSOPHY

The algcrithwmic philcsophy tha= is =radi
schzduling vehicles and drivers fo- mass y
to sclvs the vehicle scheduling problem first, perfor:s
cut and +then solve the driver scheduling problen R
this rhilescphy has ccme into question bv soms siac
costs deminate vehicle operating cost (ge2re-zlly d-iver
cos=<s can te well over half ths opera<iag cos* ¢¥ 31 sys=em.
By sclving th2 vehicle scheduling problzm £irs<, +<hs driver
sch=jule
sclutica. A discussion ¢f ths rec2nt work ir <his 3rsia can

fo)
W

scheduling solution is "locked ianzo" =<hs vshic

ke found ir {Ref. 2] and (Ref. 4]. Thus, +71e& gues%ion
acises whether it is battsr <o de

v
l+anecusly schedules vehiclzs bilocks an

simulta d

to develcp vehicle schedules which aaticipa=a - ke pozential
Tun cut. This analysis has be=n az+zmp=ed [Rz£. 4] bu- has
noct y<* Lksen complet=d. Prelimi ui<s i31dica*s =ha=

]
such an agprcach can te very efiecziv

C. OVERVIEW OF THESI1S

The procedurss iavestiga=2i in =his <nesis ware tastzd

cn a database fzem the dYcntszrzy 2

Mon<-erey-Salinas Transiz (MST) sys=t2m an
tha< was ac-tifically constructed. Th=sss agpvrozachaz ornly
desalt with vehicle scheduling, not driver scheduling. By
eignzed sum ccs=
i

apprepriately selecting *the weigh=s for =z w
func+icn arnd crea+ing 2 ne<wecck wizh he
having the ccsts associazed in thease pro
uling c¢f the vehicl2s can be manipula==24 s S
tctal dsadhead <ime of “h2 v=shiclss, <%c redn
wai*ing time of *he v2hicles, <0 reduc=s +hs a
of linss a vehicle can zraiverse and <o increase, 2

gossiklz, +he averag: number 52 <cips per vehicle block.

1"
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(5]

ha2 iri%tial work or +the vzhicle sch2duling froa
databass wz2s carrisd out by anothar Naval Pos=
Schoocl student, LCDR M. L. Mitch21ll, and his res
compared to the results obtained from <the %«wo =&
investigated here. This initial study kas signi
influenced *hs work in +his thesis.

In Chagter 1II, th2 defini<ions of +*he
vehicle scheduliang problem are giver 3nd in C
vahicle schsduling prcbl:zm is formula%sd me%hsz
Chap%er 1V, <hs heuristics for solvin the prekb
dsvelcped and in Chagpter V, =he compuzational =c¢szs
displayed. The conclusions and suggzss<ed arsas for
invastiga<icn ars ian Chapter VI.

12
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A.

uling grcklen. This problem?

AT/ e it Jifn)

tha=

when thz tacsk is tc tegin arnd a specific =ime cf 4

=]

groblems where the tasks <o be ssrvicsd
specifiad times for Lkzginning and ending secvice, A v

had

THE VEHICLE SCHEDULING PROBLEX

The prcilem studisd iIn this +thasis is the vshicle sched-
s a
each ~+ask “0 bg¢ s=2cviczd khis 3 specific =i

h

¢ &znd, This shculd b=z conrtrasted with vehicls cc

d¢c ne= have a priori
2

schadule must be feasiblzs Iin Dotk “ime and space since
m

vehicle cannct Le a+ =4

o]
-
(¢
0
m
!
. ]
O
4]
]
[e1)
ot
L} .‘
oy
n
n
»

discussicn c¢f the con+trag< be*ween vasnicle =c-cu=izg an

vahicle scheduling problams is givzn in (Ref. 4].

an

d

Th=2

ccnplexi+y cf vehicle schedy

1.

2.

3.

The sequencina cf the vanicle ¢rivicies in  btcth =<ize

=8
sgace is a*t the heart o5f veiicls scheduling pr-cbl=zas.
real-wcrld cornstraints tha* commorly determins <he
1iag probl.am are <he fcllowing:
The length cf <ipe 2 vshicls 22y bs i1rn sarvicse
tefcre retusning %9 -hae dspc: forn ssrvicirg or
tefueling.
Th= servicing of csr-ain tasks by specific vehicle
types.

Thez number cf d&pors whers vehicises may be hcuszd.

The assumgticns for “his <thesis which ac: de2med rzasorabls
in the ccntext ¢f 2 mass “ransi- systam ace <he fcllcwing:
1. There is no upoer bound ~n <n2 leng*h of 2 vehicle

2.
3.
4.

echedule.

All vekicles are identical.

All vehicles are housed a2t +h2 sam: depc:.
Any task caa be serviced by aay vakicls.

13
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The ckjectivs used in most arnalysss ¢€ =his t';s i o=z

pinimize tctal rnumber 0f velkicles or ~ro<al deada=ei -ins
(d2a2dhead zime is defined in <he next sectiorn). Bzacauz=z 9°¢
the side ccnstraipts <hat nmust be satisfied, cther ctijec-

tives may be mor=s applicable. In this study, “hLe ctjectove

used a*-cmpts to mipnimize a modifi=d linear «coabiraticz of
vehicle deadhzad time, waiting +ims, avsrage zumber c¢£ lines

a vebkicle block and average aumbsar ol ines/runber nf
trips in a2 vehicle blcck. This objesctive is d2finzd in acr
d=tail in Thapter III.

B. DEFINITIONS

sch=2dulzs. A 1lin

Mass <transi< systems arz wmads up cf 1linss and 1line
12
szac* lccaticn, ar end locazion and

is d2fined t¢c be a specifica*icn <f 2

any in<ermedia<z sztop
locaticns cver which service is to bs providad. A zzip is 2
cne-way travsarsal of “he line from the s+t2rt loca<icn zn =hs
erd lccaticen <+hrouglh the in<ermediazes stops in +<he codec

i
specifisd. A lir2 schedule 1is defined rc Dbe =he <=ima
¢ra lina cver a singls day which may consist of
rs «rircs. Piguze 2.1 is an exampis ¢ a lin=
or a lire. The fim2tabiz for <the <ransit syszenr
1 n

lecticn cf 1line schedules oz all linss in

t

pically, a vehicle will dspart “ke garag2 or dspc+ in
rniag, <«-avel tc a start location of a lians, ~<=raversa
trzips, travel 0 “he start locazion of anc+<her line,
= several tzrips of <this line and con=zirue i =his
manner until it <£inally returns <o the garzage Cr

d
Figure 2.2 is an example of a vehicie scheduls (Ncte: WT and
r

CHT are defined belcw). Mcst, if not all, mass z=ransi=
sys<ems have a high period of requireaents €for service in
the mcrning rushk (called the AM peak), a&a r:ducs=d level for

14




LINE 22 EIG SUR .
Mor.terey/Carmsl +o Big Sur
. Mcnter2y Caresel Pcint Lobos Pfeiffer
Trip 1Iransit 6th ¢ State Big Su: Nepent ke
No Elaza Missicn Resarve Szate Pack
1 6.00a 6.1% 6.45a 7.25a 7.35a
3 7.452 8.0Ca 8. 30a 9.10a 9.201a
5 9.30a 9.4% 10. 152 10.552 11.052
7 11.152 11.30a 12.90p 12.4Q00 12.450
9 1.000 1.15p 1.45p 2.25p 2.35p
1 2.45p 3.009 3.390p 4.10p 4,20p
LINE 22 Mcntarey
Big Sur'to Carmal/Mon<srsy
Pfeiffer Pcin: Lobcs Carmea Meon+ersy
Trip Nepenthe Big Suc Stat= 6<h 5 Transi=
Nc Stafes Pack Reserve 4ission Plaza
< 7.45a 7.55a 8.352 9.05a 9.15=
4 9.30a 9.4ca 10. 202 19.5%a 11.052
€ 11.15:a 11.2%a 12.05p 12.35p 12.450 |
8 1.00p 1.10p 1.500 2.200 2.350 |
10 2.45p 2.55p 3.35p 4.05p 4.15p |
12 4.30p 4.4Cp 5.200 5.50p 6.10> [

Pigure 2.1 Bxample of a Line Schedule fer Line 22.

part cf zhe day and thsn =2 pezicd of
“2 afcternocn (calied <he PM
Esak) . As a rzssalt of the AM and PM peesks, =2 veaicla can
rsTurn =¢ <h2 garage during <he dJay and <r=22ppear on +<hs
stz2ets la*er in <he day.
F¢er “he remainder of this thesis, <he follcwing 3gfini-

tions are used:

¥zhiclz Block: the work performsd by a vahicle bPa=ween
traveling tc and £from the dz2pot; i.3., 1£f a vekhicle 13£+ and
r2turned to the depot several <imes dJduring a day, its
schadule fcr that day would consist ¢f several v
Elocks. The makeug c¢£f the wvahicls blccks 3 impcr-an<
tecause, in the +raditional wey of scheduling drivers, *“hesa

15
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Assignment f£or Vehiclz 21 _
Bleck Line‘Trip’ Star¢| _Bnd | S-arc: ’ End i {

No Nc Ne Time | Tima {Loza<ion{Llocartior | HT]:HE_4
1 - - €.45a) 6.57a| Garage , Plazz § 2+ 12
1 7 4 €.57a| 8.21a| Plazéd Plaza | 4 7 O
1 5 4 8.302) 9.25a| 2lazs | Plaza | 9 {4 O
1 7 11 S.272111.06a} Plaza | Plaza | 2 | G
1 -- -- [11.062111.182| 2laza ‘ Gazag=s | Q 12
2 -- - 2.18p) 2.30D| Garag2 Plazz l O R I
Z S 16 2.30ef 3.252| Plaza | Plazz G| G
2 7 24 3.2751 %5.065) 2laza | Plazz | 2 | v
p 4 20 5.159{ 9%.10p{ Plaza { Plzzz 4 9 ¢ 0
2 -- -- 6.100| 6.22Dp| Plaza | Garage | 2 ; :

O —

Figure 2.2 Example of a Vehicle Schedul=.

vehicl2 klocks are brokez ac izzo ol

19

c2s by 2 drocsss ¢=llied

ruan cut<ing and cthese¢ piec are <hena used i drivss zchii-

[
n

aling. In forming +he vehicles blocks, 2 schedulzz shcilid

sv2r lcse sight of the 2ven%ual run cuat e pe psr-fcrusda. A
poor vehicle schzdules in —erms of how the vzhicle =chsicle,
wh2an cu%, satisfies <he cons=zrain*s on +«hz dzivscs scasziulas
can lead +o a pocr run cut and, ~n3nce, arn expensivs drivas
sch=sdulizg configuration. A dascription of Tun cu=<iag :oan
te €curd in [Ref. 1].

V2hicle Schsdule: “h2 combina=ion of vehicle LElocks thaa+
makss up a schedule fcr a single vehicle,

Dsadbhsad Tims (ZHT) : the +<ime during wkich a2 wvehicia is
+raveling tut is not involved in cevenn2 producin
sarvics,i.2., 10% traversing a z-ip on a lins,

Naising Iize (47): Zdls ¢ime basfor=e or arf+ter a <+rip when 2
vehicle is neither <+raversing a tzip nor dsedheadiag. a
some <ransi+t agsncies, waising zims is cszfzrred <weo 128

16
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Avsrage Numbsr of Linss per Vshzocla Block (L/B): suzaa=ion
¢ <he *c=al number cf lines £fo- zach vehicle blcck 3diviizd

a2
h
ky the nctal numkter cf vehicles blocks rcequ
age Number of Trips per Vehicls Schadule (I/¥):  summa-

Avarage
tion ¢f the total numter c¢f <rips fecr 2ach vehicle sch=dule
divided ty ~he “ctal number of vahicle schedules ra2qui-sd.
Yaximup Number of Lines (ML): maximum allowablzs number of
linss any vehicle bleck can <raversa2 in a gi zn day. ML is
3 valuz *hat can be specifiaj by <he cheduler for =he
purpocse c¢f producing vehicle schedualss which can bz ccrnfig-
ured tc assist in sclving tha dcives schaduling problenm.
Yaximum Bllcwable Dzadhead Izuz (MDHI): maximam dzadhead
+ime all.cwed for a vehicle betwesna <wo =rips. UDHT 3is a
vzine specifisd by <he schedulzz £>c %hs guctess cf
praventing an excess zmount of d=adh2ad =ime in =2 vehicl:
tlock.
Max_.mup Allcwable Waiting Time (M4HI):  saximum wai-ing time
allowed fcr a vehicle beswesrn two <=cTips. WAT is a value
e sche&uler for pravantiilg an &excess aroun-©

T
i*izc¢c *ime in a vehicle block.

ct Ja

A v3hicle block is said “c inzerlin2 be*wssn *we lines A
ana B if <he wvehicla is =¢ +*traversa2 a <rip 2on line A
fcllowed Ey a tzip from Xine 3. The vehicles sche2duls in

7igare 2.2 is made ug of two vehicla2 bdlocks. Thus, Ia =his
2hicle schzdule, therz is in=merliaing he

4 an2d 1line S, <rip 4 and in*=srlining between line 5, =rigp &
ard 1lin= 7, *rip 11, e%c. Vzhicle block 1 ccvers “-ips f:rom
*wo lines, lines S and 7 ard vehicle block 2 covers =c-ips
£rom th:zze linses, lines 4,5 and 7. To Zeswzic= <he 2um
¢ lipes that a vehicle can servic? in a vehicl: blecck is 0

_ rastrict +the degre2 of 1in*erliring 1in *he block. The
i? vehicle schedule displayed ir Figura 2.2 wculd be £

{: if the cens+train< of *raversing 4cips from oanly =wc lizes on
. a vehicle block was applied.
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Ia the proceduras developed iz zals <nszsis, +the raxiasum
number cf lines in a vehizclsz hiock is axplici=zly
constrained. To the authozt?s knowledge, ~o c+her rublishad

procedure develoged sc far wrias <49 hazdie this cerns=caint.
Mcst, if 1ot all, <¢£ tha procedurss have nct handlesd -=his
type cf ccnstraint sirnc2 “he intzrliniag cons=rain+ts destzoy
the simple network flow s~ruczure of the vehicla scheduling
Froblen. Hewevar, these ccenstrain=s shculd ne+ ks ignoc-ed

since a-very ces*ric+ive s+ 0f interlialing zons*zain%s can
sigrnificantly cost the transit agency L doth the numbsr of
vehicles required and tozal deadhea-iaq and waiting =ine.
Suck results will be seea la<er in this tussis,

18
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IIT. PORMULATION OF THE VEHICLE SCHEDULING PROBLEM

Fer the formulation c¢f a vehicle scheduling prcblem, =we

+yp2s c¢f scheduling problems should b2 urdarstnod as =<tlLey
apoply «0 a network, The two “ypes ar2 <hose withcut siis
contraiats and those with sids cons<raintis.

A. SCHEDULING PROBLEM WITHOUT SIDE CONSTRAINTS

Mcst preceduses for solving the single depot vehicls
sch2duling problsm parzition =he nodes (tasks) cf an ac
retwerk intc a set c¢f paths in such a way <“ha%t a specifizd
cost (cbjsective) funcricz is minimized. This cest €func=ion
is ccnstruc+ed tc¢ b2 addi<ive over <+hz2 accs ir *he re=wozck.
Each pa<hk iIa2 <the na2twork corrcesponds to the schedulz for 2
siaqglse vghicle [ Ref. 3]. Ths cos= func=ion gene-ally mini-
miz2s sither the number of pazhs since *<he nunber of
icles equals the nuabsr 9f paths or =he =243l
£ *he vehicles,

2 is mades *ha< a <imz=able i3 giv
ke timetable, «h2 s<zaz= “iae, ST(i), =nd
<ime, ET(I), s*ar< lccation, SL(i), =2nd locaszio

lins puaker, L(i), trip aumber, T(i), aad a dape*

fied, The loca*ion cf *he 3ezpot is giv

and = (s and < aze defin=2d ba2lew). Figu

cf a timetakl2s2 sorted by 4he s+tart tims

Addi+icaally, a deadhead “im2 ma=rsix, D=DD(EL (i
d

given where DD(EL(i) ,SL(Jj)) is =<hs deaihea

go Zrcm the end locatiorn of <«<zip i, EL(i), <o =he beginning
loca+tion cf +rip j, SL(j). Sincs 2 vzhicle must go frcm <he
depotr to +he begianing 5f a =rip cr from the =nding 2f a2

tzip tc +the depo*, ther2 is an ex=ra zow ani coluamn in <he

L8]
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S%a-t End Star-- Erd, Line Trit
Tima Time 1ILcca<tion Location Numba2r Numkér
E:US 6:40 2 1 12 1
6:00 7:06 2 1 12 2
6:09 6:40 3 1 1 1
19:05 19: 33 1 9 4 22

Figure 3.1 Timetable Inpu*+ Example.

dzadhead mairix corresponiing ¢o <hs deczdhead =im2 ix*o and
cut of <the depot.,

Fer a vehicle scheduling p-oblex wi<hou« sid=
cons=trairts, it is possible %o c-zats a rne=woctk fzom <=his
data and sclve *ae scheduling p-oblem using a ainimum ccs=
flow algczi“hm, A pathematiczl formulation of +h:s mirnimum
cost £lcw mcdal can ke found iz [Ref. S5]). The s=zuc=urs cf.
this petwerk is giver as fc¢llcvs:

1. Each #%zip I in =he tipe%abls is raprasern=2d by nodes +i
and -i.

2. A superscurce s and supersink = arzs defined.

3. Tabls I displays “hz arzcs in the astderk. I< is
impcrzant tc nots that nct all -i <o +j arcs are
fecasible as discussed Ltelow.

In czder for nede I (trip i) <o be schesdulzd, £lcw f£-onm
ncd2 41 te -i is -equired. Thus, the lowsr bound (LB) arnd
+he upper bcund (UB) cr arc (+i,-i) eguals 1. Thes ccsty/unis
flow is C. The cost D of 1leaving nods -i and going *=c <hse
depot (supezsink t) is equal =0 th2 deadhead =ime fxzcm EL ()
tc the depot. Also, arc (-i,%) hes a lowaer bourd on flcw of
0 and an upper bound on flow of inf (infini<y). Similazly,
<ha cost E ~f going from the d2pot (suparsource s) =c node

20
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. TABLE I
u Definition of Arcs

= From | To | LB | UB | COST
- #1 1 -i1 11 11 0
=i |t 0 infy D
s { +i 1t 0 inf| E

i tedn o == ¢t

£t s1 a1 31 C |

+i is equal to <+<he deadhzad +ime f-om the dspot = %c S

L(
and arc (s,+i) has a lowsr bcund on flow cf 0 2ni an upcar

tcund on flcw of inf(infiaity). The cosz C associz*2d w#ish
gcing frem % to s is 0 if wmiriaizing dsadhead <ime caly oz
is 2qual to the capital cost of thes vshicle if ths sbisctivs
is to minimize a modifisd lin=ar combination of opsrzzina
azd capital cost. The lower bcund £for = %0 s, A, iz zgither
0 o *hz mirinue numker of vehiclss zaquired. The upger
kcund value B Is eithez the amaxiaum numbsr oI wvshiclies

allcwed or infini+y.

Ar arc frem =i ¢ +j is Jefin=2

jor]
(o]
e
o -
) o
(2}
1
or
i

t0o gc frem the end of <cip i =0 <he
This will be feasiblz if Equazion (3.1 is sasisfied.

ST(J) - ET({) - DD(EL(Z),SL(j)) > 0 Egrn(3.1)

With no addi+tional ccnstraints, The cos+ C' fzcm node =i %o
ncde +j is generally the deadh2ad <ime or <he waizing +imsz
encoun+2red in gcing from EL (i) “c SL (J).

L &

oo
Cataal.

A S
-
.
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B. SCHECULING WITH INTERLI NING CONSTRAINTS

With side ccecns*raints such as maximum number of lines
<ha< can be travsrsed in a blcck, a differeax* apprcach nmus=
ke used since the mathematical stzuctur2 of the =minimum ccss
€low medel is d=zs*trcyed. A basic propsrty of flow algceco-
izhms i= tha* they dc no* have memcry; i.e. <*hey ar=z ouly
iztsres~3d inp ths existence, quantity and co2s=< of flcw and
not in =he add:itioral condi<ions such as length c¢cf £flow

In a*temiting <0 set up th2 above n2twork whan ths

problsm has sids constraints, it is impecssibls to know 3

Ezicri if <«he arc frem -i to 4 will =axist sincs ths oxis-
2

0f this arc is dsp=adsen= on tha csndicticas

-

€ o

up =c¢ ncds i and the conditicns on <h2 path 1l=2ading ¢

nods j. To illustrats, suppos2 th2 path <hrough -:i includas
2

t-ios fzcw 3 different lines; <rip J is & vshicie Lkliock by
izself; =rip j 4is from a differentt line; and <+thers Is a:n
upper btcund <£ 3 lines on axy vahicle block. Then, 20 acc
f-cem pods -i o0 node +3§ will ro= ke feasibla. If +rip J is
a t-ip from one of <ks lines al-sady o3 <he pazth +¢ neds -i,
then thkis azc¢ wculd be fsasibl:z. Flow 3lgerithms z2ze no-
abls <c tes=< for these conditions.

i
er IV, *wc basic i<+ar

ativ
¢ the vehicls schedulizg pr

v blien, Thz f=zatuyre
¢f thess algerithms is that, unlik2 <he vehicle scheduling
pzoblem without sids constraia=s, <+h2 procsdurss dszfine 2

sequenc= ¢f netwcrks, each ne=wcrk depsndent uporn ths algor-
ma-ching-kased ¢cr <ime izcramsnz) and an  azc

i“hm us=4
T

(
tetween trips i and is allcwed ornly if in+=2rlining ccndi-

i
tions ar= met in addition to *he f2asibili+y regq
Egua<ion (3.1). Addi+«ionally, :if, ou= £

uiceasr- of
cf <cip i, <hers
exists mcre than one feasible +«zip §, zthen a 4decis
be made as +o which %trip j to selsct. The “w

utilize *he same basic cos* func+tion for ccncatenazing -rips

22
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into par+ial vehicle blocks which allsws for 2z J=acisicn =2
select <the “rip Jj that minimizes <he cosxt irf acsz <zzn 2on2
trip is feasible. Fer +the discussion on =he cog- func=ian,
i= will te assumed that one vehicle block =2nds wizh *zig i
and anc«ker vehicle klock begins wizh <zip 9.

C. CCST FUNCTION FOF CONCATENATION OFf TRIPS

Fer <the vebkicle scheduling problam wo<kh ir+t=3rlining
cons*raints, +thz cost func*tion that is aminimiz=4 is 3 medi-
fi2d lincar weighted sum of vehicls dsadh=ad =<ipr=z, vuzhicls
wai=zing +ime, onumber of lines <raversed In 2z vehicle tlcck
ard rueber cf lires/rumber cf£ <-ips in a vshicls hlicck. Tha
izerative algorithms require the co D
each new *rigp j is added *o a vehicle block ending
i. t 25 dcne :in the following manner.
exists a partial vehicle bleck asso

)
c W
is tke 1last tzip on *h2 vehiclz block and 2 pirtial
P * <

wrip i

vehicle tlock with trip §, where <rip j is +he €£icst =2ip on
the vehiclza block. Then, *=he cost £or c¢oncarenazing =<he
par~ial vehicles blccks for <rip i a2l =:z-ip 4 is givsn iz

Equa<ion (3.2).

C'(i,§)= a1 x IC + A2 x TC + A3 x DD(EL(%),SL(I)
+ A4 x max (ST (J)-ET(i)-DD(BL(Z),SL(3))-5 ,9) Egn(3.2)

where A1 is the weight factor £o- numdar 1i
LC is thz *otal number ¢f lines .z =he
concatenatad block.
A2 is the weight factcz £2- TC.
is the IC <zime 100 divided by numbec of
in the concatenatsd block.

o
(R}
)
e
n

. A3 is *he weight factor for deazdh2ad time.
A4 is +*he weigh% facter €5z wai«<ing tim=.
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Equaticrn  (3.2) used +he £cur faczocs for +hsz
dascrited Lkelow.

If ccst vwas not important, *the idzal schedule wcull havs
each vehicls block traverse only one line dquring a day. Suck
a schedule cculd be extrsmely costly siace i< would raguirs

a large numker of vehicle blocks ard/o- 4rivers and protacly
create a si+uation with sxtreme amounts of dzadhesad time for
qoing tack and for*h %o *~he dzpot cr wai<iny <ime, Thi

gituaticn will be sesen in +the compu*a=icnal resul-<s. This
ideal schedule is prcbably nc: prac=ical becausz2 c¢€ hidg-
eting ccnsideratiors. Thus, =2 scluzion proczduare =s=houll

insure that the average number of linss 3ir ecach v=2hicisz
Llock will te as small 2zs possiblz. In <his way, whzn 2 zun
cuat is administered to each vehicl: block, driver cgs<z ars

s
P

reduced. Therefore, in the proczdu-as developed hzrz, a
b§

Fenal

R RAY]
Ve e

is Zrcurced if a2 vehicle block <=rTavsrses mcre +=han
2

.

3 lineazly wizh <he rnumber of

t
¢n2 lins. Trkis peralty increas
re

o diff=zrent lines <the concatena=sd vzhicle block wculd =zav-
irse. This factcr has a weight cf A1,

If keeping =he number cf 1linss tr-aversed in 3 vehicls

tlock =c a2 mrimum is a goal, a wzight fac+or i3 desigzzl
yrich =zakes intn accoun: tha rumb2r ¢f lirzs <srave-sad

éivided ty *he rumber ©of %«rips fcr
vehicle tlock <r-averses only onz lirz on a
=~ha ratic is small unlsss ths vehicle block %o

cne *rir. A vehicle block which <tr-averses zwo ¢r =hrIze
lines while covszing <en <rips may be bs=<ez thar 2 vehicls
tlozk that c¢nly covezs one line wizh 21s =<rip. Sirce <his
rumber is small when compared +o zha =<=o%al dzzdhzad an

d
wai<ing times “eras ia Equation (3.2) <his number is sczlzd

’
bty multiplying by 190. This factor has a weigh= of A2,
Cne c¢f <+he most undesirabls £fz2a-ucss £ 3 vwv=shicle
schedule fcr a2 mass *zansit sys*em is 2ax

Csadhead *ime is cos*tly 4in “erms of driver
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vehicls operating costs. 0f courss, some deadhead =<ime is
; an unavoidaktle cecst such as when =2 vehicls leaves the 3zrpe-

for the firs time of the day and when the vehicle -2-<urns

-

.
i.‘
.
.

to the depet at <he enrd »f the day. Hod2ver, oOrz waazs *c
Erevent as much as possible ths Jwadhzad between <he end

location c¢f one *rip ard <he szazt i1ocaticn of the nex* =cip
in a vehicle block or th2 return ¢ ~he vehicle *o =<hz d2rpot
during the day. A weigh® of A3 is assijned to *he deadhead

tim2 =¢c gc from EL(i) *¢c SL (Jj).

Waizirg time is azother expénss +hat +the ztransit agency

wishss =c¢ hold %0 a @irimum s:nce =he vehicle is 1ot
prcducing Tevenus wher waiting and -~he dciver has *2 bs paid
when +h2 vehicle is idle. Howev=r, & li*%le waiting =ime
can te cf renefit tc¢c th: sys%am. A layovser ¢£ less <har
fiv2 minu+ss is nct consilazed : v3nzli=y. An example is zhs
follcwing. If «h2 wai=ing %ias is saall, i< aight b=
pcssikls to0 connsc= *wo trips Wwith =22 same 1ine nurker in+s
a vehicle kleck cr i+ might 12& pcssible o uss waizing =ime
+5 have a driver ralizved by azczther driver, Also, waiting

od oF =iae for <hs driver =9 havs

time can bte used as a peri
¢

2 break ¢z Zor +ths

v v .-
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IV. HEURISTICS FOR THE VEHICLE SCHEDULING PROBLEM

In this chap=ar, =wo basic procz=dures for crza=irg an
inizial set of vehiclz blocks uzdsr interlining constrain*s
are described. These proceduces az2 *he "im=2 incremsn<
gcocedure" and <the "matching proceducsz". Also, in thls
chapzter, —~he block improvemarn: prcceduce for forming a-

impreved szt of vehicle blccks from <hz ini+ial

vehicle tlecks is given., Additionally, iz <his chap=sz, *:

b

procedures fer conca+sneting the vzhaicls blocks in<c
vehicle schedule are

c¢f the bleck improvemert precszdure) rsp

vzhicle tlccks iwetec lazxger vshiclz blccks or vehicle
ules. A dasccip=ion o€ how <hes2 proceduras fiz <

into a se+ of algcrithms for sclving <:the problzam co

zhis chagp<+=sr.

A. INITIAL VEHICLE EBLOCK PROCEDURES

1. ZIims Inczemenz Pzcgsduss

Ir th2 times incremeaz msthod, a =im2 interval
(£1,%2) is first defined. Each pair of =cips, % and j, in
<he “ima2table is examined in a specifiad order in an azteap:
2 €ind a ccmbinaticn of trips <ha<t ninimizes <hs arc ccs=
(Equaticr (3.2)) and tha< satisfies “h2 following
ccnditiors:

ST(J)-ET (L) £ =2 Egn (4. 1)

ST(J) -ET (1)

\%
ok
-

Eqn (4. 2)
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ST () =-2T (1) -DD(EL(%),SL(J)) > 0 Eqn (4.3)

whece DD(EL(i),SL(J)}) is +*h: dzajhead time =o
end lcca*ion of “rip i t0 the s*ar® locaticn c¢f =

Q
0
rh
i
(]
=]
of
tr
o

wd
.
e
!

ip

node i, <+he arc c¢cns: C'!i,9) €or all trips j which satisfy
eguations (4.1) =<0 (4¢.3) is calcularzed. Trip k Zis sel=zsc=zAd

to €cllcw «zip i orn a partial vahicle schedule if
cC'@d,k)Y = gin C*(i,9). Tqn (4.4)

0f courss, if 4«zip i is -he end =<rip of one partia

iv
is the beginring trip of =2 s2cond vac-izl
W

block and trip k
vzhicle klcc +his cperasion concatsnates the vshicls Fl:cck
beginriag with tzip k t¢ zhe end ¢f the vekicls bleck =2rding

with wzip i, ccea*ting 3 Longer vehicla block.
Fer a =zip i, <=he preceducs

sfy EZquations (4.1), ‘.

a2
cemplzs+ine +*h2 examination of 2ll *=z-ipos 1, a nsw  =ime
int=srval(t1,<2} is fcrmed whzrca2 Z1=+2+41, £2=21+DELTA-1 anid
the prccess is rsp=ited. Thzs initiz1l s<udy dorn2 on =<hs MST
databass ty LICDR i+tchell is a special case of +hs m2+hcd.
The ini=ial s<udy lLooked at inczsments of 1 inu=z, i.=.
+2==1 Thz firet trip J which sazisfisd Equa-ions (4.1),
(4.2) ard

)
{4.3) waes corcaterat2d with «-ip i and any c-her
possible «-ip was igno:ei. Chep=er V will 3iscus
E
The sic steps of <he <ime inc-2ment proceducs is
1
Step 1: Input a “imetable, le= DELTA and VALUE be specified

and scrt the timetakle by <he start =ime cf esach <*rip.
(DELTA is the 1leag*h of *he VALUE is <%h

cr
. [
=]
W
' S
:J
|b
01
m
'._J
[+}}
]
» 5
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raximum arcunt o€ acceptable waizin time or dsadhza: -inme,
DELTA is less “han or equal +«c VALUE.)
Stap g: Set lower lipi+ for time Interval t1=1 znd 33+ upuar
limit £5r ¢ime intarval tzimin(DELTA, VALUE). Lz= i=1.
St2p 3: Fer trip i,

3.a. If trip i i=s nct the last ¢zip in a vehicls blaock
increment i and go tc S<2p 3 unless i =quals *he numh=z o
-

zips in the “imstable, <hen go tc Sta2p 8.

3.b. Compute ths number of ifferant linze *ravezzai or
the par+ial vehicle bleck assccia<2d wi+h =<rip i. 1Lz= 3§ = 1
+ 1,

(4.3), dincremen* 3 and go *¢ S+
“«he number cf +zips in <«he <ine+2ble, <then gqo0 =0 S%
b.c. Ccmpute the numbar cf 4:if 4
tzips <hat wculd be <raversed 3

th
o
(=2
11}
(o]
n
[B]
o
',‘
[
]

<$
7]
oy
"
0
§-a
w
)
' ]
[}

0

up “c and including <rip I was conca*2natz2d wizh “h= varz=.al
venicle klock commencing wi+h =i

4.d. 1If <the +«otal numbexr >
+han maximum jumter <f lines psrmizzed, ZIaccemert § ard 0
to S*ter 4 unless J greater tha* =h2 au (S

+imztakle, then go %tc Step S.

4.5, If «h2 deadhead +ime or <zhe wai“ing =ime s grza=sz:
*han ths esaximur allcwed, fiacremernt § and gc  to Stz 4
unless 3 greater thact the numbes of <-ips ia =<hs <ime=zble,

1

e

4.£f. Ccmpu*t2 ccst c¢f an arc usirg Equaticn (3.2).
4.3. If ccst is greatar “han or squal <o prsvious m
S<ep 4 unless j grea=er <ha-+ zha2

0
(o]
n
'
-
-

acrement 1 and go <o
rumber of <rips in +=he timewabl:, then gc <o St:p S.
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4.k. G&eplace previous minimum cost by cos%, le+ J*=3j, (j*
iz ~he current candidate 0 concatenat2 «ith <rip i) iLrncrs-
senz % and gc to St2r 4 unless 4 gr-sa<=er that <he zumbss cf

+rips in vthe *imetable, <hen continue.

t2p S: Let j=iel. Let t1=t2+1, L2t t2=pin (= 1+CELTA-T,
VALUE) 3and go *o step 4 unless =1 1s g-eatsr =~aan VALUE.
Ther, con*irnue.

Stzp 6: If a trip j* fourd, coanect <rip I <o =tlip j* on the
vehicle tlcck.
St2p 7: Inczemen* i1 and go %o s=ep 3.

8

Step Stop. (Vshicle blocks have bean complsted.)

t
.
I"!

‘»')'c

Iﬁ?

Q
(7]

ng Broceda:

ks
(1]

)
w

“ching me-hcd adap+s scms ¢Z =hs orocaduzass in

{Ref. 4]. Urlike the «ime incz2mear method which only looks
]

a= one Tr.p &+ a time, <he matching 21lgcritham examinez more
*haa on3 +rip at a +ime, The @ma=chiag proczdurs rsquires
“ha* <hs level of eagh node (tzip) be specified. The lsvel
c% i node s the celative depth o0f “as 10de in respect =c 2
riz<icula: starting neds, -ha= is, *=he maximum number of

=rins which could precede i< ia a vehicle block. Let zzip i
te zecr=sién-ed by ncde i in  a azsworok. An acc 2xis=s f-om
i zc ncde jJ i€ Equa=ion (3.1) Is sazigfiszé ané <he azc
iz 3iv9en & ccst of 1. Each ncdez is connec=24 *o

The level of each node I is dz2fin231 b

from 3 te L. Since *h2 astwork is acyclic,
Faz=ns can be easily fcurnd {Ref. 3].

The algo=i+<ha procedas as £ollows. 111 =zizs a*
level 1 ars called par=ial v2hicls blccks. 4 mwa-<ching
rzoblem with self lcces (a nod2 can be matchad <o itszlf) is
def£ined where th2 paz+ial vehiclis blocks on l:avsl ne

ss% ¢cf rncdes 2nd the +«¢rips cn level 2 are a secor

o

1
r

ncdzs. The azc costes 29 as Jefined in Equa:icn (3.2

the self 1lccp cests (th= cest o g

29




with ancther trip) ars set to a lzazge numher. m
¢ *he ratching prcblem £inds ths "basc*

b
Y
13
fu

vehicle tlecks for all <rips on levels
vzhicle tlccks on levels 1 and 2 now hzaco
and the *rigs on level 3 become a ssgt <f nc

€s. The acc
costs are again Jdefined by Equatica (3.2) a=zd tie self lcor
costs 2r€ set *+*o a lazge rnuaber. Th= solu-ion =0 <the
matching prchblem £irds +he M"past" sa2t of partizl vzhicls
blocks on 1levels 1 through 3. This prcc=durs ccen=inuss

until &1l lsvels have been cxaminszd.

Scme of the nodes may not be matcasd in <he mazching
problem defipred c¢n level k for a varsi::ty o©f reusorns. Foc
exaaple, <he number of par+*ial vshiclsz blccks on levels 1

¢arough k-1 may be less *han (grzate: <hzl) <he numbsr of
tzips cr level k. If a node (pazzial vehicls block) is no+
matched cn 2a lower level, its lavel i3 raiszd and i-= is

includsd in the ra+ching for +h

(X0

€ X v
€ level 1 had 3 nodes and lzval 2 had crl
zhe cns unmatched node from leval 1 135 ad +h
possitls candida“es fcr the ma<chzag ozoblam foon loval 2 <o
leval 3, This upgrading of *=he i cl
¢con=inues until it is not possibls ¢

=]
n
ot
a0
(3

p) *h.s rcd=s with
any ncd2 °n <he nex* izval because the mavimum deadh
paximup wai-ing <ime ccnstraints ars vio

The tasic steps for +he ma=ching ctrocedure z2rs=:
S-ep 1: Input 2 time=able 2rd set up 2 network where zach
arc tas a ccst of 1.

§+6°

- A

: Find longes* pazh frcm s o zach zods i ard assigr

Iny

each nole the appropriatz level.
Ssep 3: Llez all trips or level 1 ba callsd partial vekicls
Elocks ard let i=1,

St2p 4: For level k= i+1,
4.2. ird 211 fzasible ares £from th2 par+«ial vehicls
blocks on levals 1,2,e.., k=1 t0c =za2 %zips on levsel X by

30
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using Equaticen (2.1) and f£ird <the associated arc cos* uszin
Equa+tion (3.2).
4.k. Se+ self looping cost as a large numbe:.

. 4.c. Fird minimal mazching cost solution and upda=e <he
partial rleccks.
Step S: Increment i arnd go “c¢c s=ep 4 unlsss 2ll lsvels have
been ma*ched.
S-2p 6: S*tcp. (Initial venhicle blocks hnave besn found.)

3. BElcck Improvsmen

Jet

Broceducs

Trte block iEprovemsn+ procedure is based cn» zhs

Lo}
ccaceg= tha< <he vehicle blceccks might be improved in +he
n

s2nse of rsducing the number cf diffecen=< linzs in 2 vetkicle
klock. This is accemplished by "{c-zeing up" “he =z21ds of
each venicle bleck and solving a mazching prcblszm. Ths=

3
rroceducze firds <the s=art of a vehicla bl
*h2 line rumber for thae €irs*® two “-ips. I

£ <hess =zips aze
from the sam=z linxe schedule, <h2 s2cozd and =hizéd =:zigs are
ccmpared fc: the samsz lin2 number. If these “zips ar2 Z:zom
tne same line scheduls, the <hi-d and fourth =r-ips az: <iai-
lariy comparesd. If all four =cips are from *“he sams lin=
schedulz, <he vehicle block is rcemoved frca cornsidzra<ion

for <hs Etlcck imgrovemea« prcceduce.
There are <twe ways *“c have 2 vshicle block bzcom=
2ligibklz fcr this procedure; £i-st, i€ <ths vehiclz blcck
- L3

coentains less than fcur <-ips, cor sscongd, he vehicls tleck
has int2rlining withir the firs= Iouc «rips. If 2 vakicls
tlock has less <han four <zips arnd zach of =hs :ripvs are
from th2 same line schedule, the vehicls blcck is d=£finzd 2s
a node in 1LISTV which is a parc-tial listing 2f z2cies <0 ba
used for a matching rrobl:zm. If a vehicle block hasz izz:zz-
lining wi+hin +he first four <wrips, <he v:shicle tliock is
eplit bstwesn the twe =rips wher2 “h: isn+srlining cccurs.

. The par+ial vehiclz block up 49 “hz Zaterliaing is dsi=rned

31
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ncd

W
7]
o

fo

€ in LIST1 and thz spli+< off portion is defin=i =zs
n LIST2 which is a partial listing of <+he seceni se:

e

ode i
cf ncdes for a matching v-oblen,

After all +ke nodes in IIST1 and LIST2 hLavs been
dafired, feasible arcs are d2termined by Equa*icn (3.1)
between nodes ir LYST1 aund LIST2 wi<h arc cos=s dezsrmined
bty Equation (3.2). Self loopinc cost ace defined as zzro
for ncdss ir LISTY ard as a largzs numbar for ncdas Ia LIST

-

1]

2.
his is +«¢ iasure that a< pinimum ¢f =<he old vehicle
a a

tlocks will be redefin=d as & vericle biock ard not crszatz
mcZ 3 vehicle blocks than sriginally stzzzed wi<h. A ainimunm

ces- ma=ching problem is solved &and ths vehicles blecks are
updated Lty ths sclution. As soon as <ths procsdures iz
complezs on +*he front end of each vehicle, <he preczdurz s

applied *c¢ ths *ail =zn zach wvehicls blcck. For <he

£2.
Q
e I o)

2ails, a =ctal of fcur =zips can b2 sxamined, Jus= as wi=k
*

+he front of cact vehiclz blicck, and <he prcocczdurs sxaa
the last four <rips fzem <he last t#zip cf the vehicle bleek
tackwaris. Upcr ccmplezing th2 axaminazion of +he =ails,
the frcon+ per=ion of <he upda~ed vzhicle blecks is lccked a=
againe. Th2 orocedure zontiriues until 1o changes are fcund
or eith=z =nd and zhen s*cps. To p-evan=t “he possibilisy

cf an sndless lcocop o©OT an  excessi curnt 9f£ +ige being

taka i
tic sznsiti

€
v @
n, <the procedure only a2llows a fixed number c€ iieca-
a1s. Chap*er V discuss2as =1e vity =0 =he rumbsr of
¢ cedu

a vekicle klcck that *he pro r: checks €or <he

line being “raversei,

ﬁj The steps of “he blocx Iaprovemsn* procsdure ar2 as
- follcus:
L' S-2p 1: Irput an ini+ial set of vehiclia plocks. Lex i=1,
- St2p <: Fer trip i,
2.2, If +rip i is ret the fi-st =<rip ¢cn 2 vehiclz block

s A 8
Ta
N
H
’A-
o]
wn
.-h
i3
[}
o8
113
3
.-‘.
B
:!‘
[+
o
[
m
-
+
fo
1]
o]
Vel
o
t
O
wn
o
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wn
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s =rip, placs t=ip i ign LI3IY,

incremsn* i and go tc S-=e ss i equals <ke rumh=r of

a the timetable, then go <t

2¢C« L2t *1rip J be *he successor :o
Szep 3: Fez trip 3,

3.32. If trip i* ard trip j ar2 1ot <tips frecm  “he sanme
line schedule, place trip i#* into LISTY exd =zip J into
LIST2 and gc to Step 4.

3.k If =rip J is the last =Tc-ip ia a vehicls blzoek, rlacs
+zip j in¢c LISTT and go =0 St2p 4.

3.¢. let trip i* = +=ip § and 12t =zip j b2 the successo:
ip tc <rip i* and go to Step 3 unisss “zip
f h «rip in a vehicle block, then contizu=a.

Sz2p 4: Ircrement I and? go =0 S=wa2p 2 unlzss I  eguals =zhs
r 2f *rips in tle time+able.

Szep S: Find all feasiblz arcs from addes Za LISTH

iz LIST2 by Equatior (3.1) and the arc cosis by Iguasion
(3.2) .

Szep QE Sez s21f locping cos%s for LISTY equal tc zsrc and
for LISTZ eaquwal =0 a large number.

Si2p 2: Find the mipimum ccst mazching sclu*ica ard upda<s
th2 vehicle Plocks.

St2p 8: BRsreat the procedure f£for the ends of 2acrn vekhicl:
tlock using the reverse cf *ha procedurs, i.z. find “he las-
#zip ir each vehicls block and £ind i<s predecssscr, z-c.

i
P 9: If there was a change In =hs vehicle blccks z2fzer
enés of the vehicle blocks have bzen =~hrough <hz proce-
= i=1 aad gc to Szep 2,

"
11
-

o -
Il)

Step 10: S+op. (Vehicl:z blocks havs b2en upda=zd.)

33
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E. CONCATENATING BLCCKS POR VEHICLE SCHEDULES
1. TIhe Sreedy Approach

¢ previous precedures form e set of feasiple vehi-
cles Llccks. This procedure forms a set cf vehiclz
schadulss from the vehicle blocks. This procsdure is greedy
in tka=z i+« conca*enates the vary £irst feasible vehicle

Elock <0 *he e#ad of the v2hicle tlcocck beirg zx2mined. This

fu

cencatzna~2d vahicle block is <zrmed a lcnger veaicle tleock.
At <he erd 3f +*his procsdure, <taz s2t of 1longer vshicle
Elocks ars -he vehicle schedules,

The steps in the grezdy approach are as fcllows:
¢ Irput 31 set o0f initial blecks. Lo+ i=1,

2
23, If =-zip i is not the =2nd of a vehicle block, i:nc:t

pen~ i ard gc to Ster 2 unlsss i ejyuals the number cf <c-ip

mn

in <he *ige+zble, then gc *o Step 5.
2.k. L&t j=le1,

Szzp 3: Fcz +zip 3,

3.a. If «zlp J is nct <he s=ac+ of 1 vehicle bleck cr is
g-evicuszly 2ssigned4, incremsnt 3 and go <0 Step 3 unlsss 5
greate-r than the numker eof <rips in the +ime =able, <hen ge
t> S<ep 4,

3-B. I

{ ZTqua*ticn (3.1) is no= sazisfied, incremsnt j and
gc =0 Szepr 3 unisss j great L T
ms <atlz, then go +o St

3.¢. Ccnca+enate *he vehicle b

*o =he€ vehicl2 block that ends w

vehicls Elcck.

St2p 4: TIrcrament 1 and go <o Stzp 2 1nless I squals zhe

aumber <f «rips in <he time+tabl=.

tep S: Stop. (Final s=3t of 1long2r vehicle blocks acs =zh=

final vzhicle schedules.)
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2. The Matching Approach
The m<ching aporoach forms vzhicle schsdnulzs f:zom
vehicles blecks by a repeated sclution <¢f a na=chin
problen. Th? nodes in <=he matching procedurs ars <he =nd
tcips and trhe beginning trips for szaca vzhicla bl:xck. The
w

procedure dsfires all feasibls arcs by

their asscciated cost by Egqua<iorn (

pinimum ccst ma“tching problen.

The steps to the matchiag appr-oach a-s 33

Step 1: Input an initial set of vehicls blocks.

St2p 2: Find th2 ending nodss of all vahicls blecks 224 =zhs
starting nodes of all vehicls blocks.

Step 3: Fipd all fesasible arcs by Eguazicn (3.1) btszrwssr =he
€nd ncdss cf sach vehicle blcck and =he star+t odss € =zach
vahicle bElcck.e De+ermine the arc ¢cos=- oy Equazicn (3.2).
St2p U4: Set s21lf looping cost 2qual o 3 largs nunmb=:.

Sz2p 5: Fird “he minimpum cos%t ma<chiag soluticr,

S=2p 6: Stcr. (All ncdas matched in =<he szcluvtion arce
conca+enated *¢ form vehicle schedules.)

C. UTILIZATION OF THE HEURISTICS

The methcds “o derive vehicls blocks can be :zfficisn=ly
combirad wi<h <he arprrcachas usad =0 cr22%e¢ v2hicl: sched-
ules. T¢ gensrate resulws shown in Chaapter V, 311l ¢f :he
possikls ccmbinations were exaainad Ini<ially and *he cnes
that dezived the bes* solutions were =xamined more <lossly.
Tablie II lis<s +«he pcssible ccabina<ions with *hs asscciatsd
indzx <ha* be used *9 4Jdisplay cesul<*s = tablss irn

will
Chap<er V. Por exanple, if ia 2xamiaing a *a
+he method used was 1TD=1, “hen +«h=

created by

Ciapter V ard

-A

POARSY -

ma<hod
vehicle schedule was derived hy using z=h2 grs=dy aporsach.

+the *ime incr-ement

Elockes were

35
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TABLE II

Cefinitions of Ways of Deriving Vahicle Schedule

METHOC|{ VEHICLE BLOCKS | VEHICLE SCHEDULE—1
MTD { TIME{ MATCH]| BLOCK | GREEDY| MATCHING
1 | YES | NO | N0 | YzS { NC
2 | YES | NO | YES { YES | NO
3 | YBES | NO NO { NO | YES
4 | YES | NO | Y®sS | XNO { YES
S | NO | YES | NO | YES { NO
6 | NO | YES | YES | Y35 | NO
7 t NO | YES | NO { NO | YES
"7 Y wo | yesq  ¥Es | w0 1 YEs 1
Procedure for deriving vehicls blocks
gghrggggistgotgieTéggcggggeﬂggﬁoge:th
cck refers to the Blcck Imprevement 2roczduce
dure fcr deriving vzhicle schedule fr-om vehicle blccks
ecdy g%fséiigieggfggisappraach focz <he concaserazirng
tching r2fers to matching appodoach for zhs
ccncatenating of vehicle blocks
\
1
\
i
|
|
|
|
36
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In this chapter, <he mezhods =zhowr. in Tabls II Zo-
crea+ting vehicle blccks and schedulas were apolizd +“c *we
different Jatabases - <he MST dztat

o
artificially gensra<ed - and the rz3ul=

s are displey:zd and
evalua+*zqd. The proczdures zras evalui<ed 28 <=c <hszic

1]

validity for use in sclving <=he vahicl: scheduling problza.

A. MODEL VALIDATION

1. TIzble Nota:*

c3

(TR

The abbreviacions used i =he c¢c2l.amns 2% +he <zplas

: maximcer® auaber c¢f linss ia a2 velicl: block.
ol =

L
ID: heurisrtic me<hods =0 vzhicle schzduls,

o
4
(6]

The numker in <+he ccluan  id=z72i€::23 <h: mzathod used

h
vahicle tlccks 2re 2scived by =he 12:ching preocedurs bl

17

corzesponds %5 tha< cow in Taibl:s II, :.g., if MTD ig 8,

block Zimprevement procadura combirsd -hen “he ra<=ching
apprcach 3is used <c conca=zena=2 =wh: vehicle bleccks inwe
vehicle schedules.

tcral waiting time for a venicle schiedulsz.

desadhead ~“ime for a vshaicle schzdule,

b3

(1]

1]

O

ot

[
™

i
= of vehicle blocks Tzquirad.

.
=}

-

srage number of lines *r

i e =10 s
N o N lw I b2
Io
(X ]

i<
.

a
+0<al numtzr of vzhicle schedulas,
v

average number of <rips over

37
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2. A

The Montarey por+ion o0f the MST systam is coarossi

ST Sys:ts

I3

cf 16 different lines and 240 trips. The tims*2ble u+tilized
was catsd affective 20 November, 1982. This time=-abls was
us2d since iz was readily availabls, n

ccmplex and easily reproduced sinc2 <:the Rider's

(Ref. 6], ccantained +he predscessor aad succasser =i
each trir. The MST time<abla d22l1< ornly wi<h =<he Mcnday
+hrough ¥Fz-iday scheduls. This scheduls had 2z 1la
and a screwhat smallsr PM p=ek. It also had 20 2ifferen=

starting lccations 2xcluding the 3szpo=. % the MST éa=z3,
v

I"

*ha maxigum numbar of linss a vehicle was found +o *ra

[
Hs ]

2 vehicle blcck was 7. Th i
ma+21ly 1105 minu“=ss, ths wai+iag “<ime was 1417 minu+szs, ~=h=

[

dezdnead +*imz was 20proxi

=]
o

umber of vshiclie blccks was 35, th2s number of vehiclzz

ch=duled was 26 and the number of 1liaes/vehicle blzcck was
<94, Talkle III tabula*as +*his informazion.

m

[ 8]

TABLE III
MST System Schadule

CRIGINAL SCHIDULE
WT { DHT| NB| L/B | VS| T/V
14171 11051 351 2.944 26§ 9.23

The iaitial study by LCDR Mi<chell was ¢
as 2 <ztetm prodect in 2 seminar c¢class on Ro n
Scheduling a- the Naval Poszgradua== School, Oc=c¢b
Deczmtez, 1982, The apprecach taken was to ge

vehicle blecks using a “ime Iincrzzment ams<hod wizh the
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incremsn=t ts3ing 1 minats. dher a =rip J was fcund -ha<t
could b= conrcatena*ted wi+h a =<rip i, +tha =+

thar to £~2rm a rar«ial vehicls bleck. Thegs par=ial
vehicle Ltlccks 4i4 not necessarily havz “o bszgir 2%+ <ths

depot; *he vehicle =schsdiling procedure 00k *his ir=o

accoutr<t when forming th2 vehicle schedules. The vzahicls
schadulin procsduze *-ied +o exchanga =r-ips betwezn ths
vzhicls tlecks +to csduce deadhead or waizing =imes ¢z number
cf lines <zavarzed. P2blz IV shows <he Cesults 27 =a:

TABLE IV
Initial Study Results - MST Database

aL | WT | DAT| NB| L/3 | T/V
11 291&' 13731 34 1.92¢4 7.06
I 2S14) 1373¢ 3“, 1.201 7.06
2 19881 1690( 514 1.98] 4.7
{ 2782¢ 12354 34§ 1.85] 7.0%
3 l 1125' 1848’ 491 2.91] 4.90
26420 1147 28] 2.53| 3.57
4o 10421 16391 41| 3.78] 5.85
| 2&52f 11231 28 2.751 8.57
S | 1Cu4y 1434y 37 4.59: 6.409
| 2€231 113% 29 2.69( 38.27
7 1 1113} 1291 29)] 6.10| 3.27
| 2E44f 11234 29¢f 2.82| 8.57
10 , 2844 1123’ 28] 2.32* 8.57
11351 10991 26| 5.388( 9.23
15 ¢+ 2844 1123y 28| 2.82| 8.57
j 1153§ 1099 26| 5.851{ 9.23 |
initial s=udy. Por each maximum lias (M1), =he =2ble has
*Wo rcws ascsociated wizh i+ “hz £irst Zow i3 =he ini=<ial

vehicle tlccks and the s2cond row Lis
required after the ccnca<zena*iag proczdurs was 2pplied. As
will te sece3, “his me<hcd gave inferior zzsulss.
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In this analysis, with A1= A2= A3= A4= 1 ard M4i= 1,
th2 results from the methods, MTD = 1, 2, 3 and 4, wers <he
L

1, *he +ime incre-

same. This was 2xpected since, wizh Y

Lo am o de -
a - puledpa=-d cy

cl
1o

mant [prccecure 1is basically a firs
algorithm. The results differ=d greatly when ML was changad
trom 1 =¢ 2 and then +*0 3. When ML was increased, +he =o=al

dzadhead “ime and waiting time was decr=zased. With ML > 4,
+h2 resvlts stabilized. Otner zhan for- ML of 1, ~<he blcck

imp:cvement frocedure r=zduced ths av=srage numbzr <¢£ linss
“cavers:zd psr vehicle block (L/B) and g=nerally ceduczd bo=k
wai*tirg and dsadhszad *imes. The corncatsnaticn of thz vehicls
locke ir*tc vehicle schedulss wes affscted by %he ae*hod
al wv2hicl2 blocks. Thzs bl-ck
a

usad *o derive <+hz ini=i
narally incrzassa the auabzz oI

ven=nt procedurs gar
vahicles required bu= reduced <he average number c¢f liges

gar vesricle block. Sirce the four metacds (4TD= 1, 2, 3 c-
u) pr-duc:d =squivalzm: ressulzs, +he analysis iz zths

a7
(3]
3
(99
(5]
th

this ep3pec concan*rated on aztkod 4, <in=

m
ircremsnt urocedurs with blcck improvement z2nd amaxchizng
Droa

acproack faor <he concatenating of wvsaicl: biccks iz+c
vihicls =schedules.

The sensitivity of tas =ias incremen= Dproceiucz %o
~ha siza ¢£ the intarval (+£1,22) w#was szxzainad. 3y Lcliing
all *he cther parame=ers A1, A2, A3, A4, MDHT and MWT
ccastant, Table VI shows the =-s3sults of varyirag DELTA from
cne minute up t¢ thizty minntes. In gexecssl +=e<rms, the
Bigger -he CELT *he smaller <h2 average zumber <f lirss
“raversz4d in a vzh clie block. For ainimizing dezdhzzd or
waiting *ime, a value of DELTA ©E2twesn fivs -0 tan pinu=es
appzar =¢ give the best resulsx. ince ons 2bdec=ive of =<iais

workX was <+«c minimize <th2 numbsr of lines +“ravezced ia a
vehicle rleck, a thir+ty minuts DELTA was used, bu< wizhk <he
< does no* rTesult i “he miniaum wai<ing

-

urderstanding that
ar.d deadhead +im=.

u1
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Since the Mcnterey pcr<ica o0f =he MST syszt=m was
constrained to have no @mor2 than seven lines per vshicle
tlock, <the valida*ica of thzse procsdures was carctizd ou=
with ML = 7. Tatle VIII shcws the iresults with <the

TABLE VIII
Coagarison - BST Database

Me<hod | WT | DHTY NBy L/B} VS| T/V
MST t 1417¢ 11051 35¢ 2.94) 26| 9.23
Irivial t 28441 1123) 29 2.82¢ 28 8.57
Time { 2501f 1269¢ 39y 1.92¢ 30( 8.20
Ma=chirgy 1421 11361 33| 2.87| 261 9.23
MST refers *o <he or2s2n%t MST data
Initial refers =o %h2 ini-ial study

Time pefars “o MTD U

Matchiag refers <o MTH 8

feren+ scheduling me<«hods. The Jdeadheai =ims o= the
pc2sent MST schedule, for =k: initial s+uldy ard £fcr =ha
matching rrccedure all a:z very close. Since =he numb=T of
vehicls tlecks for +he «ime iacrzment ma+thod is largsr: <har
th2 cther methods, <+he =<imes Iiacrement ams+ihced r
head time because of =h2 larqec rnuaber c¢cf <+ ¢
the garage. In addition, +he <ime inc-sament me<hcd had mor=z
wai<ing <*ime, number of venicle Dblocks, a7 n
zhicle schedules bu= a smallar average =zumber cf linss
t-averszd per vehicle bleck. The time iacrame
higher inr the areas discussad but i+ i
changing +he weights for sach factor =hat <his approach will
produce gocd soluticns. Since *he ini+ial me=hod gives
inf2rics results, i< will not be coasidered any fuz-her irn

+his “hesis,
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Witk <¢the same parame-ers, it appsars =tk

W
o
W

)
o

matching wmcethod generatss a soluzon which requices l:zgcs
dsadhead +ime, <fewer vzhicle blocks, a smallar nusbsr of
vehicle schedules and more waitirng time when compazs=i wi<h
the tige ircremernt prccadure. From %tha3se results, crne would
grobakly prefer <the matching me<hod o the =<ime Iincremen-

-3

methed fcr generating the initial vehicle blocks for +he S

£ £

i)

WD
QO
of

sys+enm. The blcck improvemen<t zcc2dure has li+tls
¢ca the -essults.

E. EFFECIS OF CHANGING THE PACTORS WEIGHTS

Tc show the 2ffscts <of changing the wsigh+ fac*tcrs, zwce
cf the fcuz facters (A1, A2, A3 andi A4) were h=21d cons-an=
and the c*her factors variegd. This z2pprcach was ssl:c=ed
since +thsz number of lines per vshicls2 block and “he numbes

z2 2

cf lines divided by <*h2 numbzr of <=rips wer: celexzd ani

to+tal dszadhead +ime and waiting *im2 wsre related. The

me+hods =z=xamined are MTD 4, the <ime incremsnt me+hcd with
1N

block improvem=n< acd matching us2d for «corncazspating the
vehicle klacks into vwvehicls schedul=s, and MTD 8, -hz
matching method wi+«h block improvemsn< and ma<ching usszd £s5°

concatzanating th2 vehicls blocks intc vehicla schedulszs.
1. #§sight Factcrs Al apd A2

Weight factecr A1 is =he factor associated wish *he

number c¢f lines traverssd in a vehicle block. Thz wsigh=
vas considered +o be small ard ased only as 2 *ie breaker
wh2n seceking “o f£ind <he "best" =rip j = concazsrnats with
+zip i. W=ight fac*tor A2 is “he factor assccia*ed wi<h th=

prumber of lines divided by the number Of trips in a vehicls
klock. The results irn Table IX demonstra“te <ha“ for beth
the *ime incremert and the ma+tchiang procsdures as <cre
increased 2ither A1 cr A2, “he number cf linss/vehicle block
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TABLE IX
Weight Pactors A1 and A2
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Weight Pactors A3 and A4
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Large values of A3 and A4 give

the largest value of linss p=r vehicle bicck.
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dspth in%o a vehicle block (the d2p«h 0f a vshisle bl
dafired *c be the rumber of <=rips into a vehicle tlock)

TABLE XI
Trip Depth Affects

Parameters:
Al= 1 a2= 1 A3= 1 A4= 1 MDHT= 20 MWT= 30

MLy MTID| WT | DHT | NB} L/3 | VS| T/V |DEPTH
21 4 2598 14251 45) 1.60} 29¢ 8.27¢f 2
2y 4 ’ 2594 14251 usl 1.&8, 29| 8.271 4
§l 4 | 25“1‘ 1337, 421 1.78, 301 8.00) 2
3 4 | 2532 1325 42] 1.71§ 31} 7.744y 4
Wi 4 24901 13291 41 1.97| 29| 8.271 2
4| 4 | 2u455) 1329 41} 1.37| 29} B8.27f{ 4
21 8 | 23“3: 1338, 41y 1.75| 27| 8.88f 2
2] 2| 2367 13261 41] 1.75| 281 8.57| 4
3' 8 ' 19“6: 1193, 36’ 2.221 27' 8.88' 2
3 8 1946 1193 36| 2.22| 27| 8.88 4
u, 8 l 1689’ 1136} 33’ 2.66: 26’ 9.23: 2
4 8 16891 1136 33f 2.53| 26( 9.23 4

#hich c2a bz split apart. Tablz XI is a ¢omparizzn of <h=

gethods when <the depth is changed from <wwo trips =¢ £
“rips. The column in Table XI <hat is labeled DEPTH refzrs
to the wsaximum number of trips <ha*t was checked fcz “rav-

ersing <+he sams 1line, The <im2 increment method was
som2vwha+ s2nsi-ive “c <he deozh of a vehicle blcck and %h=
greater tke dsp*h *he smaller was +*h2 value of lines par
tlock, waizwing tim2 and deadnhz2ad +«ime. The ma<ching-tas=d

p-ocedure was no<+ affscted by <his procsdure.
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D. APELICATION TO AN ARTIFICIAL DATABASE

Tc detzrmine <+he g=ne-alitizs »of <he

S
sécond, artifical databtase was gsnera<zdi, Figure 5.1 shows

:
- ]
8 1
5
(¢
{
D |
J/
S+art Bnd Star: =nd
ligze Time Time Lcca<izi Locazicn Haadway
1 7.20 8.15 a A 9 ain
2 7.05 8.10 8 D 17 ain
3 7.10 8.00 D D 13 aiz
4 7.05 8.20 B E 6 min
5 7.20 8.15 g A 18 min
6 7.10 8.45 2 D 14 min
7 7.40 9.90 A D 15 air
3 7.30 8.20 c ® 21 ain |
9 7.25 8.25 7 C 17 aizn {
10 7.20 8.20, c A 14 min
Deadhead matzix (d2907 icczmed a* 1) |
- ! A 3 ¢ 2 E F
A, 0 12 18 18 18 10 )
3 19 Q0 10 13 18 18 (|
¥ C | 18 10 0 %0 18 18
D 18 18 10 9 1Q 18
. o ‘ 18 18 18 190 9 10
- P 10 18 18 18 10 0
-
o
E? Figure 5.1 Database 2 Rou“e Structure.
.
E% how a tipetable was ccenstruc+ed. Thae depo= was lccatesd a<
Ei . node A. Tc illustrate, *he first =rip associazed with lins
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1 would GEegin a+t 7.00 ard have =z 2ac

Tha3 second *rip assccia%ed with line 1 would begiz 2zt 7.0°
and have a duration ¢f 75 minutes, e%c. The headwzy is <he
interval c¢f +*ime between successive <+rips leaving a scveci-

€223 stazting rnode fcr a specified lin=s. Ths perici cf zim=

tha+ was ccvered by the timetabple was 5 hours and resuli<sd
in a +¢imetakle which consis<ed of 230 <rips. Tabls XII
TABLE XII
Database 2 Initial Results
Farametars:
A1= 1 A2= 1 A3= 1 A4= 1 MDHT= 20 MWT= 30
?1!HTD|| AT | DHT | NB|J L/B | VS| I/V
1 4 G231 40181 79f 1.09] 701 3.28
2| 4 1005 3906f 721 1.04§ 70} 3.28
il 4 1020] 3888 72{ 1.05{ 70| 3.28
41 4 10201 3888¢) 72f 1.05( 791 3.28
Si 4 10209 3888| 72f 1.05{ 70{ 3.28
{ 11 8 10764 3928¢ 704 1.00| 792) 3.28
2y 8 1CS7{ 28790| 68| 1.57{ 67{ 3.u3
3| 8 €62 2274 63| 2.19| 63| 3.65
41 8 868 21681 61| 2.34} 611 3.771
5{ 8 €68} 21€8) 61} 2.3u4} 61 3.77!
shows +the ini%ial ressul<s fcr aethcds 4 and 8. Mae<hcd 4
again stakilized very early ard continu2d “c have a vary low
number O0f lines per vehicle block buz did "pay" for <his in
tighsr waiting <*ime, deadhead <im2 2and rumber of vehicls

klocks. In contrast, method 8 (ma<ching) ended wi<h 2
higher L/B ktut significantly r2ducsd WT, DHT, ¥R and vs.
These solutions again seem to indica<z2 <hat <“he ma=ching-
ktaszd proceduce is preferabls toc =he “ime ircctems=n+*
p-ocedure.

Varying th2 weighting factors showed similar resul<s as
those cbtained from the MST databass. Tabls XIII shows the
effacts cf varying A1 and a2. For m=2thcd 4, <here was
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TABLE XIII
Database 2 - Varying A1 and A2

Faramnetzars
A3= 1 A4= 1 MIHT= 20 MWT= 30

MLIMTC|| T | CHT | NE| L/B { V3| T/V | A1| A2
21 4 1005 3905 72# 1.04) 79| 3.281 1| 1
21 4 €51 2%a( 87( 1.91{ 631 3.33{ of 0
2| 4 E21] ezt B1) 1-911 831 3331 14 9
2\ 4 1C05( 3906( 7z 1.04y 771 3228{ O0f 1
21 8 10571 28731 664 1.57f 67| 3.43( 11 1
21 8 1076 2646Q2] 6&{ 1.39f 684 3.38] O 0
2 8 1079f 2470 6&] 1.82{ 63{ 3.38| 1{ 0
21 8 1C57| 2870f 6&{ 1.57| 67f 3.43( Of 1
3| 4 1020 38881 72} 1.05( 70| 3.281 1{ 1
3 4 798( 25721 66| 2.57( 63| 3.38( 0 O
3| 4 791} 2096) 6&) 2.54§ 67| 3 434 1| C
3] 4 1020 3888 7z1 1.051 70{ 3.28{ of 1
31 8 8621 2274( 61| 2.19| 63) 3.65( 1| 1
3| 8 €231 2150( 6L| 2.73( 64§ 3.53| 3{ 0
3| 8 €751 2123 sn, 2.39] 6u4j 3.331 1| 0
3 8 849f 232%f 63( 2.12| 631 3654 di 1

sigrnificant decreass in W? and DHT and a sianifican-=
&

increas:z in averag
0 as ccmparsd to w so, valuss cf HT, DHT,
a

h
L/8 appzar indzperndzant

lines par vehicle bplock when A2 agualiled

and

£ ©zsults was qno*ted f{cz ms+thod 8. Agaia, =hes:z resul*:s

gseem %c indicate tha+ only A2 needs a weight.

Table XIV zhows <he cZssulss of varying thsz weigh*ts ~n A3

and A4, Ircreasing +the weigh« on A3 and AU dscreasaes <he

deadhead +ime but incr2esss <he rumber of lines per vzhicle

tlock and rumber 0f wvehicl: schedules ard, £or <he
increment method, increased <the waiting zinme.

-~ ime

For +he same parametar set+ings, =he matchiag preccedurs

clearly dcminated the time increman« precedure wizh resp
to total deadhead +ime and number of vehicle schedulss 2an
was clearly irnfaericr in *erms of linss per vehicle block.

For M1 = 3, <+he matching procedure had less waiting =ime
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TABLE XIV
Database 2 - Varying A3 and A4
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VI. CONCLUSICNS AND ARBAS FPOR FURTHER INVESTIGATION

The procedures devaloped attemp:ed to nmirnimizs =he
avarage numker of 1lines traversed in a2 vehicls blcck whil:
maia*aising a high average number of <rips per v=shicie

schaduls. Both proc=zdures used a modifled linszar welgh==24

sum cost function, Equation (3.2), +0 derive ths ccs=s cf
concatenating trip i to 2 trip jJ. Th: fac*crcs included zhe

1=

=umbszr -£f lires travezsed in a v2hicle blcck, <*h2 numbsz nf

lines <raversed divided by th= anumbsr of “rips ia & vzhnicle
Elock, “ke deadhead znd i+ing *imaas.

A. CCHNCILUSICNS

These precedures can be appli=d =o ob+ain 2 T=zasonable

solutica f2r 2 vehicle schaduling problam with in==s-lirning
* R . . : .

constraliazs, The rpatching-based proceduce consistan=zly

cbtained = ftetter solution in <=ezms 2£f wai<ing and d=adheai

-.m2s, rnumkter ¢€ vahicle blocks and avzrage rumber cf =r-ips

p2r vehicle schedule. The time incremsnt procedurs ¢ij
ra23ult in a lecwer average number ¢f lines f-averssd per
vehicle L.ock. Howevez, i+ 1s pcssible =o incc-ease the
value of A2 so as <o havs =-he maichizg=-based proc=durs
produce results comparabls to <“he =imz incremenst trcceduze,

m
Fcr exanple, when A2 =2qualed 10, <he <zra2sul+s €fcr Hesh
methcds cn the MST data set were n2arly idex=ical Zo- L/B.
Ths CEU % me for beth of -hase preceduras avezag=sd less zha:n

€ seccrnds ¢cn an IBM 3033 so cecmputational <=ime was no=
consideced a fac*tor in “+he comparison »f the <wc me=hods.
Based on the assumptions and <cthe r2sults of *his s+udy,
it is possitle +o find reasorabl:z soluzions =c ths vehiclz
sch2duling problem with Interlining constraina+s. One car
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vary the scluticnr bty increasing or d2acreasing th: values

associated with each factcor ard some gen=zal guidzlinzas can

bte 3stablished. A1, <=he factor for +the number of lines

traversed is no+t a deminan<t factors bus i< can- bte uszeful =o

traak ties. A2, the factor associazed wizh =ke number of

lines traversad divided by the numbar of <«rips, can dominate
g

the sclution ard, by increasing or decceasing i-s weigh+, @2

desired value can be found. The usz of <he facrer A3, fe:z
dcadhead *+iae, is otvious as iz A4, <the fac-or fcr wai-ing

tim=, By vazying A3 and A4, solutions «c¢an be changed
dramatically bu= it :Is obvious =hat th2 dsadh=2d =-ime fac=or
m

 tactor

ey "'vi- g

should have a weight grzater <“han +ths wal<ing <in

w=igk+, Ccnstrairing tha maximum number cf£ 1

i a vanicls bleck iacreases th2 costs cf <hz sys=2m iz
terms ¢f dsadhead tisze, ai*ing =ime and zumt2z of vehicles
ne2ded. For *he time incremen~ asthods, =h2 hleock ilmprove-
men:t fprcczdure can r=duce <h: averig: nutber o¢f  linss

traverssd in a vehicle blcck. '

B. AREAS FOR FURTHEF INVESTIGATION

o
the ¢¢s= ¢cf an zrc tased orn <hz numbe: oI Lines “<zaversszd,
the numker of 1lines <4zaversed dividzd by <h=z nuiber of
trips, de<adhead and waiting timss. The procadiares 3i4 zo=
att2mpt *c¢ £find the cptimal valuass £o- tTae w2ights 2f zach
factcr, ra-her, examirnad <o s=z2 if <his =<=ype of approach
cculd 1lsaé +o £=zasible sclutions. Th2 tzue szasi+ivi-y +»o
each ¢f the factcrs Lkas no+« bsex fully ds<=2rminzd, ins+=ad,
guiielines Wwere given as <o whether or a0+ a factor shculld
hava a ncr=-zero weight. An iavesrtigazion into Zinding cu=

i' if a rcatio of cne weight to another aight lead =c bet=er

Ei scluticns, €.9., should ¢ths weight Zfor deadh:zz ~ime %o

[i ) waiting “ime be 2:1, 3:1, or wha=?

- Su
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Ancther considera+%icn is =he usz of the modified 1inzar
funcziorn. The objective func+ion aigkt be be4«ter respra-
sen+ed ty 2 nor-linear form. An example is +he £fzc-=or
ccncerning waiting time. Some waizing time cculd k= consid-
er2d an asset so as to catch the sch2dule up if the vehicle
falls tehingd schesdule or t¢ allow £or- driver -elisaf, zzc.
The modified 1lirear furnction assumsd a valuz2 of 0 <£or *he
waitirng timz if less than a givzn valus (for the s=udy i+

s 5 minutes). It doess no= aecessarily szzam logical <ha-s
waiting time as a cost would bes linszac after +ha< <3
it weculd bscome mors of a cost 2nd =

hs rela<iornsh
cost might nct be lirnesar. Similar logic could bs apriisd tc
deadhead tirne. Scme deadhead =ime i3 a fixzd cos+ byt the

deadhead *ize frem one location <o ano*her migh<

cial somewhere down the schedule sincs it mi

cornecticn which cculd ¢nd up saving more +

Cr2 approach to answer this might bz =»

ehidle rlock <“hem apply @2 savings =yps algerithm <*c iz,
a

"2
H

. e
W

type of approach could +ake <h2 ol

+ion tc +the block dimprovemen< prccedu:e. Aaxcthzr pcssible
sclu*icn might b= te dzrive a strictly non-linea- func:ion.
The preocedurss lcoked a+ d2al+t onliy with vehicle schzd-
uling and :ignored tte driver scheduliag prchlem. I£ =he
froblem is t¢ be solved using a simultanzous mezhod for besh

the driver/venicle schz2duling, how can “hes2 proceduras be
applied? Cne cculd add mors comstraia“s so as %c sa=isfy
the driver scheduling p-oblam but will iz s*ill lzad =0 a
rzasonable soluzion? Ques*ion in this area of drivar/
vehicle scheduling can 1lead in%o ozhsr arz2as for <fuz=her
res2arch.
The rrocedurss develcped were applizd only =92 *wo smail
me<able and <he
rssultant scluticn should be inves:iqated TS get a tez*e

+imetables. The aprlica=zion ¢n a lazgser %i

feel for <+he wvalues of *he wszighis £or <+he {disff

13
(3]
1/}

n

f
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fac-ors. The effect of ccrnstraints o2n how 1long 2 vshicle
can prefcrm a schedule should be invaestigated, alcng wis
the effect of he*terogenszo0us vahicies aa1i/or mulemipla ds
Beyond +he questicns of deriving vehicle blocks is <+he
questior of <concatenating <he blecks into £e2asikl: and

reascnakble vehicle schedules The procadures used ia this
study wsre fairly simple. Concatenating ths vehicle blcocks
cculd be arpprcached wusing & savings type app:cach 4nich

could in*erchanga +«rips from orz vehicle block <c ancrher
veaicle Llecck in crder 40 =c=duce some d=asirzd fzckcr.
Additicnal approaches are as 1any as <+here ars vovscpls %o
dzrive *hen.

C. COMMENTS

As any individual whc has a=-=emp=2d4 “¢c sclve a vekhicls
schzduling cr a driver scheduling preblem can at<ss<, *=her=2
gay nct ke a com®orn answar as w0 ths 32s%t solution or =< how
to derive a2 reascmabl: soliu+ien, This study has shcwn <ha=
reasonable =sclutions o <he vwv2nicls s

dures dsscribed. The matchirg-based proceduss does praoiucs
kzstter =soclutions and can giv: compizable solu+iors =o 1
scheduls <that is in exiszencs for 3 mass <ransis sys*en.
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