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ABSTRACT

Tra.diticnally, fleet vehicle schedules for sas a nsi"
systems are determined by using a miniaum c s" flow m.: rl,

However, with constrain--s such as an upper bound on the
number of lines that a vehicls can service ia -7ehrc.,l.

block, th* minimum cos- flow struc-ure - Two
he=uristic procedures, a atching-basel prccedur- ara . .- me

incre.nt p:ccedure, are developed for scheduling al-
vehicles under these additional constraints. Ths2 :oce-
dures at-empt tc minimize the average .umbz: of l.inzs :-
vehicle block will traverse while mair-n. hi v:=ra=

number cf -rips per vehic.e h-.u;e,_ low Is.haA ani

waiting timrs and a uinimum number o- vehicles c sc-: VQ
ti-metable. Both procedures minimizz a weigh-ed sun ccs-

functicn and have been tested on two d-abases incluotz thi
Mont -rey-Salinas Transit s ys-em in California. Z .1 cns

comparable to the Drese nt vehicle schada-uI s f: ths

?onterey-Salinas Transit- system were ob-ainad '!sir.g thes

procedures.
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For a mass transit system, the schaduling -,f A-riv-crs anki

vehicles is a problem that can be solved w;-h r um s u s

procedures. This thbesis only addresses the v-:hicle schad-
uling problem but it loes so in a way th-Ia6t should assfst

the scluti4cn to the d~ivgr scheduling problem.

1. BICKGROUID

The state-of-the-art in the schedali-ng of drivzes an,

VshiUcles for! a mass transit systsm has advancsd frz=-m ii

tive, but yet effective, manual methods to ccmputeri-z, .

pr-ocedures. The manual methods have produced s a c r~a -

soluticnis but have several discadvantages.

1. The time required to producs a solution may be 1r~~

(several weeks).

2. Extra constraints are di-fficult -o handle.

3. Alternate scluticns cannot be -nestezd quickiv and

e f f Cctivel1y .

Furthermore, the I ual Ity of a manual s=oI~in--cP f'-:

co-mple-x problem such as the vehicle scheduling problien w.-*nh

s~ds ccnstrain-ns can be dcependent: upon the ;expe:r-'=cs 1?w

cf the planner cr scheduler and It ia becoming sx M~M =.y

lif ficult tc train ne2w schedulars.

W-ih -the advent of compu-e::_zed p-crcedures, ac I
fesbl3 soutone can be quickly Pouni and m ult l

feasi -a so luti'l ons can be efficiently derivcd by chargina

thea parameters of the mo del1. Itorsove", computerized prccl?-

7.durzes car, reduce the effort and time necessary toar ho

novice scheduler.

9



many of. the earlier computerizsd, procedurzes wzrme ]=ve:1-

cped along the lines of run cutting wh.ich takes a vshicle

Schaduls and separates the schadule in-to segments or pie-ces

for solvi.ng the driver scheduling problem. The first lazge

scale compu- erized ioplementation of run cutti-ng was called

RUCITS. The RUCUS system for scheduling urban mass transit
A ivers and vehicles, [Ref. 1],wa dvloe nt le

1960's- -an' field tested in -the early 19701-c. The firs:

vers.6-n of RUCUS was made available-i _o induastry in 1973.
Since RUCU3S was developed under the sponscrship cf the Ur-_ba n

Mass ::arspcrta,:ion Ad min istra tion (UMTA) of ~h U.S.

Ce par tmzrz of Tran sport ati on, in wa ntended tc be a

gen r al package available to and usazle by a wi:dA va=ie-y of

t= a ni a g _n cAie s. he initial sxper-iences with RUCUS wsre

d -apc- i:gi the sense that few age,%ciss wsre ab2.e -c

successfully use it without significant modification. The
lane: varsion of .RUCUS (called RUCtJS2) ismc Air. s

and cpsrates in a more "us-er f riendly" anvir-onment.

Howeer, RUJCUS2 was just recsntly relzased by UMTA so -hat

its 5uccess - i n the field is s-til 4-1_o o early to dC-zzri4rs.

C-,-hr aUrcachzs to solv.ing thle dri vs- and ve l ch 'I

ul in q -=obiems use sst partnI 4o i n g and set co vsr ing

mez.hcds, rRef. 2). Exc ept In :sclatsd cases, these Procs-

'iu:'s hlive no-t Y2+t beean used in an operatnornal snvirocnment.
-*Heuristic apoaches for solving he pr-oblsms, (Ref. 3],

are the ccrcurrent scheduler-, ths service, profile deco-moosi-

ni-on, and the matching-baseed algor::'-hm. Agqa in, hs

proceduzez have only been used in hs fiz2id 4n 4so la:sd

case3s. This t h ss Will adapt- some of -:he man:ching-t-ased-

procedures i [ Ref. 3] and [Ref. 4i ] o solve the ve-hi-cle?

scheaduling pr o blem with in-terlining. This Probler is

described later.

10



E. TER ILGCBITHIC THILOSO PH!

The algcrith mic Fh lcso phy that, as rad t ionally us =i in

scheduling vehicles and drivers for mass 1Tr*af!31: eyste:ms ~s

to solve the vehicle scheduling problem first-, p'-rfo::n a run
cut and then solve the driver scheduli-ag problem. Reacently,

this Fhilcscphy has ccme into ques-:ion by some sic driver

costs dominate vehicle operating costr dT r:-l'y drivr

cos-ts can be well over half -!hz operating coii- c-C: a syst:-P).

Ey sclving the vehicle scheduling proble.=m fir s, th. drivc:

scheduli-ng solution is "locked intol the vScl chsdule

scluticn. A discussion of t-h= -recant 'dzk .r. :nsarea can

be found in (Ref. 2) and [Ref. 4]. Thus, 'i e: -uss4ior.

ar4ses whether It Is b ett er t:o devilop a p r c s Iur sthat

simultanecusly schedules vehicle bla!.cks and d:i'v~r Dnnece.s o:

to develop vehicle schedules which atcpt epoz-entia.

run cut. This analysis has bezen ateud [Re f. 41 bu- has

not yet been completed. Prelimi4nary r-Sul- S di cate ha

such an apprcach can te very eff6ect:'ve.

C. OU!BVIEU OF THESIS

The croceduras in:-vstigated in nr: r-leSIS were te;szed

cn a database fzcm the M c trY p r -n of the

Iontersy-Salinas Transit (MiST) syst-am andi one ohr da-tabass

that was a~tifically constructed. Thesse app:oachaes only

deat with vehicle scheduling, not di-vir scheduling. By

apprcpriately selectiLng the weiqhtps for % weigza:ed sum cost:

function and creating a ne-twor=k w i h 4h feasible arzcs3

having the costs associat:ed in, the-se pzocadure s, -:he schead-

uling cf the vehicles can be manipulate:d so as to reduce the

total dsadhead time of the ve hiclss, to reduce t he -ctal

waiingtime of the vehicles, to :educe ths average number

of l.ines a vehicle can :raversq and t:o incrsase, as much as

*.possible, tha average namber of tri-ps pecr ve hicle block.



[ he initia2 work or~ the vehiAcle schaluling frz-m ths :isT

database was Carried out by a no th -r Naval P o s-gra dua--:

School student, LCDR 4. L. Mi14tchll, and his zssul--s arz.

compared to the results obtained from the two a~p~rcaches

investigated here. This initial study has significantly

influenced the work in this thesis.

In Chapter II, the- d e fini t-ons of the ma=ss zransit

* vehicle scheduling problem are given and in. Chaptier III, the

vehi-cle scheduling p--cbl-zm is formulated ma:hema:cally. In

ChptrI : h= heur~st cs for solv~ng z:he problem are

dsvelcpsd and in Chapter V, -:he compu- atona results ar=e

displayced. Tae conclusions and suggsestarl areas for fur--her

invastigaticr, are in Chapter VI.

12



II. PROBLEM DEFINTION

A. THE VEHICLE SCHEDULING PROBLEM

The prcblem studied in this thesis is the vehicle sched-

uling Frchlsm. Thi.s problem's orincipal charactristic is

that1 each -!ask to be ss=vic-- his a specific -ime of day

when. the task is :c beg-_n and a specific -ime cf day when i-

;s tc end. This shculd b= co --.:as d with vehicle rcu-ina

problems where the tasks to be szrvicd do nc- have a 2riot
specified times for haginning ans ending servic_. A vehicle

schadule must be feasible 4n "~th t _me and space since a

vehicle cannct be at two Iccaticns at the same ":.e.

discusscin cf the contra s- between vehicle rcu-ing ani

vehicle scheduling problems is g-_ven in [Ref. 4].

The se-quencing of the ic!. activi-t:es in tc-h -ie

and srace is at the heart ot vehicl.- scheduling :,:blzms.

The real-wcrld constraints th a commonly determine -hs

ccmplexity of vehicle schsluling problem are -he fcllowing:

1. he ler.gth cf time a vihicl' may be :.n serv-c

befcre returninq to -ha dicpc- fo: servicing or

re f ur-l i ng.

2. The servicing of certain zatks by specific vehicle

types.

3. The number of lepo-s where v -hicles may be hcused.

The assumuticns for this thes:,s which ar deemed rsasorabl-

in -he context of a mass transi- systsm are -he fllcwna:

1. There is no uppqr bound on the length of a vehicle

schedule.

2. Il vehicles are identical.

3. All vehicles arq housed at the same depot.

4. Any cask can be serviced by any vwahicle.

13
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The cbjectivz used in most analyses of -his ty= 3
. nimize total number of vehicles or t.-al deadh--a -

(deadhead zime is defined in -hq next sect:on). Becalsz of

the side ccnstraints that must be satisfied, other objec-
tives may be mor, applicable. In this study, the cbjective

used attempts to minimize a modified linear comb!naticn of

vehicle deadhead time, waiting time, average number of lines

-n a vehicle block and average number of lines/rumber of

trips in a vehicle block. This objective :s defined In mors

detail in Vhapter III.

B. DEFIVITIONS

Mass transit systems are made up of lin=s and lins

schedules. A line is defined tc be a specificaticn of a

start iccation, an end location and any in.termediata stop

loca-ricns over which service is to b= Drovided. A tri a

one-way traversal of the line from the start lccd-icn - h=_

end location through the intermediate stops in the cr'd r

- specified. A line schedule is defined v.c be -he .im
schedule fcr a line over a single day which may consi- of

one cr Nora trirs. Figu e 2.-1 s an .xample of a lin-
schedule for a line. The timeable for -he transit systen

is the ccllecticn of line schedules for all t.in-.s in -:h
transit system.

Typically, a vehicle will depart the garage or dspct in
the mcrni:g, travel To a start location of a line, -reverse

several trips, travel to the start locaton of another line,

t-averse several t:zs of this line and con-inue i. -his

manner until it finally returns to the garage or depo-.

Figure 2.2 is an example of a vehicle schedule (Note: WT and

LHT are defined below). Most, if not all, mass transt
systems have a high period of requirements for service in

the mcrning rush (called the AA _ , a reduced level for

I°
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LINE 22 BIG SUE
Mo-Lo.rey/Carmal to Big Sur

"-Mcntscr.y Carvel Pcint. Lobos P fCai f arTrip Iransit 6th Sate Big Sur N spenthe
No rlaza C es sicr Reserve Sfate Park

1 6.00a 6.15a 6.45a 7.25a 7.35a I
, 3 7.45a 8.O0a 8.30a 9.10a 9.20a

5 9.30a 9. 45a 10.15a 10.55a 11.05a
7 11.15a l1.30a 12 OOp 12.40D 12.45o
"1.001.15D 1..5. 2.25p 2.35I

11 2.45p 3.00b 3.30 4.10o 4.20

LINE 22 Mcnta rey
Big Sur to Carmel/mon-sr-y

Pfeiffer Poin- Lobos Carmel Mcnery 
Trip Necenth - B.i2 Sir State 6-h 5 Trans"-
NC Sta .e Park Reserve 1iission Plaza

2 7.45a 7.5Sa 8.35a 9.05a 9.15a
4 9.30a 9.4Ca 10.20a 1).5)a 11.05a
6 11.15a 11 .25a 12 05p 12.35p 12.45D
8 1.00 1. 1p 1"50D 2.20o 2.35b

I 10 2.i45p 2 55p 3.35p 4.05p 4.15p
.12 4 :30p 4.4Cp 5.23p 5"50. 6.10?

Figure 2.1 Example of a Line Schedule for Line 22.

servics in the mid le part of -he day and then a period of

high requirements in the late af--r-oon (called th _ P!

-eak) . As a :esut oi" the AM and PM peaks, a vehicle can

return -0 the garage during -he day and reappear on the

st :ets later in the day.

Fcr the temainder of this thesis, -the folicwi.. aefi.'-

tions are used:

,hice - lock: the work p,rformsd by a vehicl , bewe-n

traveling tc and from the depot; i.e., _if a veh.e eft and

returned to the depoz several times during a day, its

schedule for that day would consist of several v.hicle=

blocks. The makeup of the vehicle blocks is impcrtant

kecause, in the traditional way of scheduling drivers, -hose

15
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essignmen - for Vehicl . 21

_p Starti End I Start EndI
N"'.I Time I Time ILocaior.Loca:io.4.- WTI-,T I:'" 4

6.45a 6.57a1 Garage IPlaza= j 0 12 1
1 4 1 57a 8.21a1 Plaza Plaza " ; C I1 1 8.30aI 9.25ai Plaza I Plaza 9 j I1 7 1 1 9 .27S 1 1.06a1 Plaza I Plaza 1 . 1 I

1 11.06a 11.19o ?l aza Garag-e 0 12 5 16 2.30D 325b ?la za P1 laza 0i,

2 7 24 3.275 5.06bI Plaza I Plaza - I I
2 20 1 5.15b 6.101 Plaza I Plaza 9 ; " I1 2 1 6.106 6.22pi Plaza i Garage 0 i I

Figure 2.2 Example of a vehicle Schedule.

vshicle blocks are boke,: up -z- a:--ces bv a prociss c! _

run cutt--ng and zhes. pieces ars -hen used i rv: ndi-

" uli rg. In forming the vehicle blcks, a sched u!:= shc i I
never icse sight of the eventual run cut tc be , A

poor vehicle schedul in -erms of how -he vhicle he'i,

when cut, satisfies the cons-rants on th- -river scne>. es

can lead to a pccr run cut and, hance, an xpensiv c.-e-

sche-duling configuraticn. A dascription of -un cu---:q :an

be fcurd in [Ref. I].

Vehicle Sch,dule: the combina-:on of vc.hicle biockc -na

makes up a schedule Fcr a single vehicle.

.ahed 1ime (,HT): the tim_ during which a v qhicle is

traveling tut is not involved in revenue _-ducing

,servic_ .e., no- traversing a :rip on a !ins.

'. a .1:2,C (WT): idla time before or after a 6='p when a
vehicle is neither travsrsing a :rip n.: deadheading. I:

some transit ag-ncies, waiting -i-A' is rferred to IS
layover t ime.

16
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"verace Nu.b a of Lies Ve hicle Block (IZB): summa-io.

Cf -:h. tctal number cf linies for each vehicls block d..vid-d

tv the - ctal number cf vehicles blocks required.
Avarage Number of Trips Vehicle Schedule (T) summa-

tion cf the total number of trips for each vehicle schqdule

"ivid d by the tctal number of v-ihicle schedules requir=d.

raxim Numher of Lines (__): maximum allowabla number of

lines any vehicle block can traverse In a given lay. .IL is

a valu:? that can be specifiad by -:e sc...dule: for he

purpose of producing vehicle schedales which can be ccnfia-

ured tc assist in scIving thA .trive: scheduling problem.

Isax'mum Allcwabl g adheadV T (MDHT) maximum deadhead

t-me al:.cw.d for a vehicle between two -rips. DHT is a
v.i:e s =ecified by th- schil . _

-:-vnt.ng an excess amount of d.adhea tims -r a vehicle

block.

Max-'mum Ailcwab!l . Waijna Time (WiT) : maximum waiting time

ao!,wed for a vehicle between i.wo tips. 'WT is a value
sacifi.d by the schaduler for preventing an excess awounn

ct 4aiting time in a vehicle block.

A v:.hicls block is said to i-erline between twc lines A

and B f -he vehicle is to travers- a t: oP n line

fcLlowed by a trip from line 3. The vshic!s schadul in

Figare 2.2 is made u- of two vehicle blocks. Thus, in -his
vqhicle schedule, there is insrlini.-.g between line 7, t.rip

4 and line 5, trip 4 and interlining between line 5, 4ri 4

and line 7, trip 11, etc. Vehicle bl3ck 1 covers trips from
Two lines, lines 5 and 7 and vehicle Dlock 2 covers -rips
from three lines, lines 4, 5 and 7. To =es-'ct t- number

cf lines that a vehicle can service in a vehicl =_ blcck is to

restrict the degree of interlining in the block. Tha

vehicle schedule displayed in Figure 2.2 would be inf--asible

if the cons.rain-: of trav.rsing trips from only -wo lin-s on

a vehicle block was applied.

~17
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In the procedures devloe tn :s this, th-- ra x- um

number cf l-ine-s i4n a veh-:1 block i s -3x p i"c Itl1y

constrained. To the author's knowledge, 7io other published
ocedure developed sc far tria- t,- handle this ~s:it

Ncst if not all, c F t ha -aceurs have not handled -:his

type cf ccnstra nt since the in ZrL:nang constraintes dest-oy

the simple network flow stru.ct-ure of the vehi-cle scheduling

problem. Hcvevar, these ccnstraintr.-s .hcald rnot tze iq--ozad

since a ve.ry :estrict-4vs set of inza-! n-ng zors--afnts can

significantly cos-t the tran si agny:±oL terubro

vehicles required and total deadheadiag and waitirg tims.

Such results will be-eAae n hs:~ss

r 18



III. PORMULITIO Of THE VEHICLE SCHEDULING PROBLEM

ror the formulat ion of a vehicle scheduli.ng prcblem, two

types of scheduling problems shouli be un~derstood as th ey

apply to a network. The two types are -:hose withcut sd

contraints and t1~ose wit side constra~nts.

A. SCHEDULING PROBLEM WITHOUJT SIDE CONSTRAINTS

?Icst. procedures for solving -the single depotz v'?1-4c!e
schdulng robem arition t he nodes (tasks) cf in acy.l1c

ntwcrk in-tc a set of paths 4n such aL way that a spec-fiedA

cost (objective) func-tic i S mi nimiz ed. ThIS co-st functi-on
is cons:tucted to be addi-ivs over the arcs in -he raetwo~k.

Each pathb in the network corresponds t-:he schadul? ffor i
sincale vshicle (Ref. 3]. Th= zost, funct:4or. qsnerallv mfln~-
M.: Z9s either the number of pat:hs since th s number of
required veh-icles equals the numbr of paths or h toa

* ~deadhead times of ths vehices

An assumption is made that a imeabe ia gIz ven r anrd for
each tri-p i- in t1.e timetable, the start time, ST(l) , end

-ime, ETi) start Iccation, S L~i , nd locati-on, EL (i),
line number, L(i), trip number, T(i) ,and a depot are spqc.-4

tie- d. The location of the depot Is given by t-he 1=_-tss

and -, (s and t are defined below). Figure 3. 1 is an example

of a timetatle sort-ed by the s tart time of t he tas ks.

Additinally, a deadhead time matrzix, D=DD(EL(i) ,SL(j)) , i s

given where DD(EL(i) ,SL(j)) Is -he deaihead tIm e req uire =d to
go -from the enA location of trip i-, :-L(,) : o t-he begi-nning

location of trip J, S1(j). Since a vshicle must go from the

depot to the beginning of a -.rip or from the endin-g of a
trip to the depot, thers is an extra row ani column i- th,;

19



S" Samt End St a r En d Line T~i
6I mim Time .cca..-'O.... Location Number Number

5-:45 6:40 2 1 12 1 1

I . ."-"

6:0 7:0 2 1

P- I6096:40 3 1 12 1

19:05 19.:33 9 22

Figure 3. 1 Timetable Input Example.

deadhead matrix corresponding to -he deadhead time ino and

cut of the depot.

For a vehicle scheduling problem wi-.hout si d

constraints, it is possible to create a ne:wo:k from this

data and solve the scheduling problem using a minimum cos-

flow algcithm. A mahematic.! formulation of -he minimum

cost flcw mcdel can te found i Ref. 5]. The s-uc-ure of.

this netwcrk is giver as follcws:
1. Each r n e ietab ireprser.ed by nod-

* and -i.

2. A superscurce s and supersink - are defined.

3. Table I displays ths Frcs :n the ne-ork. 1- "s

-mpcz-an- tc not- -hat not. all -i -o +j arcs ar .

feasible as discussed below.

In crder for ncde ; (trip i) to be scheduled, flow from

node +i tc -i is -squired. Thus, the lower bound (LB) and

the u~pe: bound (UB) cn arc (+i,-i) equals 1. The ccst/uni-

flow !s C. The cost D of leaving nods -i and going tc the

depot (supersink t) is equal to the deadhead t-ime frcm EL(i)

tc the depot. Also, arc (-i,t) has a lower bound on flcw of

0 and an upper bound on flow of inf (infinity). Simi-.;Aly,

the cost E of 4o*ng from the depot (sup-arsource s) -c nod=

20
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T ABLE I

Def inition of Arcs

From ITo LB I UB COST

1 1 0 infi D
"I +i 8-i -----. I

--- -- I 0 I C' I

I t I s I A I 3 t C .

+i is equal to the deadhead time f-om the depo s to e SL(i

and arc (s,+i) has a lower bound on flow of 0 and an up o.:.r

tcund on flo-w of i nf0 inf;.ii ty). The cos-- C associatead wi--

going frcm t to s is 0 if mir.imizing deadhead time only o:
4C equal to the capital cost of -he vehicle if ths b ect:v
is to minimize a modified i.-near combination of oF er-ina

and capital cost. 7he lower bound for t to s, A, is =-_hr
0 or th. minimum number oef vehicles -equired. Th. u oer
bound value B "s eithe- the iax:mum numb .r vhicl-

allowed or infinity,

An arc from -i tc +j is defined Only if it is feesibl-

to go from the end of trip i -o the beginning of mrip i.

This will be feasible if Equa-ion (3.1) is satisfied.

ST(J) - ET(i) - DD(EL(i),SL(j)) > 0 "qn(3.1)

With no additional ccnstraints, The cost C' from node -i to
node +j Is generally the deadhead time or -.h . waiting time

encountered in gcinq from EL(i) to SL (j)
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B. SCHEDULING WITH INTERLINING CONSTRAINTS

With side ccnstraints such as maximum number of lines

that can be traversed in a block, a different approach must

be used since the mathematical stzucTu.e of the minimum ccst
flow mod.l is dsstrcyed. A basic property of flow algc:-

i-hms iS that they dc not have memory; i.e. they ars ozly

i=trested in the existence, quantity and cos- of flcw and

not in -he additional conditions such as lerath c4 flow

path. In attempting to set up the abovs nstwork whe.n -th-

problem has side constraints, it is impcssible to know a

S:icr if the arc from -i to +j will .xist since -h exis-

tence o! thas arc is dependsn- on thez condiricns on the path

UD tc ncd,-i and the conditions on the path ladina ou- of

nods j. To illustrate, suppose the pat.h -through -i includes

tziDs f:¢c 3 different lines; rip j is a vehicle block by
itsIf; -rip j is from a different line; and thsre :s an
upper bcund f 3 lines on any vehicle block. Then, an arc

from node -i to node j will no-: be feasible. If trip j i.

a trip frcm one of the lines alre.ady o. the path to ncds -i,
then this arc wculd be feasible. Flow algCrithms a--- no-

able to tes- for these conditions.
In Chapter IV, two basic iterative algorithms are dsvel-

oped to solve the vehicle scheduling problem. The feature

If "h se algcritbms is that, unlike -he vehicle scheduling

* problem without side constraints, the procedures d0fine a
ssquenc = cf networks, each n-:wcrk dependent upon the a2!go:-

ithm used (matching-based Cr -ime incr.ment) and an arc

between tr:.s i and j is allowed only if int-riining ccndi-

tions arm met In addition to the feasibiiiy requir.cment of

Equation (3.1). Additionally, if, out of -rip i, -here

exists mcre than one feasible trip J, t.e- a decision has to
be made as to which trip j to select. The twc algorithms

utilize the same basic cost function for concatenating -rips

22
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"2 into partial vehicle blocks which allows fo- dz-sc.-. :.

select -he trip j that minimizes the cost if mu-. .. o.n.

trip is feasible. Fcr the discussion on t.he co!- function,

•i will be assumed that one vehicle block ends with ,_ir i

and anc.her vehicle block begins w-.:h trip J

C. CCST PUNCTION FOB CONCATEIATION OF TRIPS

Ecr the vehicle scheduling problem w:--. L -- nng

constraints, the cost function that is mimize :s a icdi-

fied lin.ar weighted sum of vehicle deadhad :--'., v hic-

a.," vai-ing tims, number of lines traversed in a velicle t!cck

and number cf lines/tumber cf trips in a vehicle cck. Th=

irati.ve algorithms require the cos-ts o bs tab'lated as

each new trip j is added 4o a vehicle block eniing wi-h trip

M. It is dcne in the following anner. Assure -ha t ther4

exists a partial vehicle block associated w-th tr:.p whers

Irip i Is the last trip on the vshicle block and a pt_: a!

vahicle block with trip J, where -rip j is th'e fir.: -s': on

the vehicle block. Then, the cost for ccnca--._ ::tc ths

partial vehicls blccks for -rip an i p --.i js given in

Equat'on 43.2) .

C' (i,j)= Al x LC + A2 x TC + A3 x DD(EL() ,SL(j))
+ A4 x max(ST(j)-ET(i)-DD(EL(i),SL(j))-5 ,O) Eqn(3.2)

where Al is the weight factor for numbler iinez -raversed.

LC is the ,otal number of lines :. he
concatenated block.

A2 is the weight fact c= for TC.
TC is the IC time 100 divided by number of trips

in the concate.ated block.

A3 is the weight factor for deadhead time.

A4 is the weight fRctcr for waitizg tims.

23
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.quaticn (-.2) used the four fac-ors for th- :--n

described below.

If ccst was not important, the ideal schelule wcu!I hava

each vehicle block traverse only one line during a day. Such
a schedule cculd be extremely costly si.ce i- would reauir

a large number of vehicle blocks and/or drivers and probab!

create a situation with extreme amounts of deadhead time for

going back and forth to -he depot cr watin -ima. This
CJsituation will be seen in the computa-ional results. This

. ideal schedule 4S p-cbably no- practicai because cf Suds-

eting considerations. Thus, a solut-io. procedure = '-u,

insure that the average number of lines i. each vehicli

I lock will he as small as possible. In this way, when a run
c -u is admnnistered to each vehiciz block, drivsr ccs-s : re=

reduced. 1herefore, in the procadu es developed hsrs, a

Faenalty is incurred if a vehicle block -raverses mcre :han
cne line. This penalty increases linearly with the number of

different lines the concatenated vehicle block wculd -rav-

.rse. This factcr has a weight of A-.

If keeping the number of lines -raversed in a vehiclz
block to a mi nium is a goal, a wei- gh-  factor is d-sig:-
,ihizh -akes into account the number cf lines ra v :; sd

divided by the numbe of trios for a veh:cle blocK. I

ehicle block traverses only one li-ne on a givan day -:hen
-ha rati "c small unless th= vehicle block traversis only

one trip. A vehicls block which traverses -wo or thze.

lines while covering ten trips may be bet-er than a vehicle
block that cnly covers one line with one trio. S-nce this

number 4s small when compared to -he total deadh-a and

waiting time terms in Equation (3.2), -his number is scaled,

by multiplying by 100. This factor has a weight of A2.
Cne cf the most undesirable f -a,u:es of a vehiclr_

schedule fcr a mass t-ansit system is excess deadhsad time.

* readhead time is costly in terms of driver pay hours avnd
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vehicle operating cos* s. 0:1 cou:Se6, some deadhead tnme 4-S

an unavoidable ccst su~ch as when a vehic-le leaves -ths -.eoo-

for the first time of the day and when the vehicle :tin

to the depot: at --he end of the -lay. Hodever, orne wants tc

prevent as much as possiLble ths Jaadh cad between te end

Klocation cf one trip and -the s-tazt locatn-_on of the nextti
in a vehicle block or tereturn. cr -ne vehicle to -:he- de-ot

during the day. A usigh: of A3 is :assiJ-1ed to the deadhead
ti m 1 'tc qc f ro m EL~i to SLj)

W ai.ti.r g t_4mea is an-othar exo)ens that the -translt agEncy

W.snes hcohold t o a m in im um s"_r. ce th - v shi-Lcl 1 Is not
producingrivenui whe-n waLting ani -hs d:* ver- has t ~oi

when thi vehicle is idle. How evve, a little, wai-tina :ms

can te cf benszit --c the system. A layover of less than
five mirutss is not consi? e:r-d !:,enal-t y. An cxample i"S the
f o 'LIc wing. If thez wat na t -mz s small, itmight bs
pcssifrl= to connect7 two t::~s w: t, -a-3 sams ln number in:to
a vehicle b"lcck cr it might61 ] e )cszF-ible to use w ai-'t In g t
to have a driver rslizved by anoter *r-cer. Al2so, W14-t::-a

time can be usred as a pariod *)f f:.nor t-hs drive: to havz
a break cz for the schesdule tob-- caught_ up (i'he vieh:;.-

:s =urunning late) A fac-,or was ase..gned -o waiting In!

carried a we-ight of A4.

V
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IV. HEURISTICS FOR THE VEHICLE SCHEDULING PROBLEM~

In ths cna:ar, two basic procedures forcraign

.~.tialset of vshicis blocks under interlining constraints

are describad. These procedures a=-3 -the :minrmn

procedure" and tr-e "matchin.,g procedure"1. Also, in thi- S
chaptser, -:he block imrvmI:pccd: or fo:ming ;an

I mproved set of vehicle blocks from tha nta set- o:

vshicle t1ccks is gi-ven. Additionally, :n hi-s chap-ter, tw '

procedures fcr concatena-igtevhcebok ncaf~J

vshi cle schedule are p'esen ted. Thass p--oce du~es (us

cf the block improvement procsedure) rsepsatedly concatrenate:

*v=eh&cle blocks i7:tc largsr vehicle blocks or: vehicle sche-d-

ules. A description of how t:hese procedureis fit- tcg=-ner

into a set of aJgorit4-hm s f or s clving -:he proble-m conclud,:.

-this chapter.

A. IIITIIL VEHICLE BLOCK PROCEDURES

1. TimS Increment Prcceduzz

In the tims ncreme.-nr method, a im3 ier va.

(tl~2) s frst defi4ned. Each pair of trpI arnd j,

tq timetable i-S exazined in a specifiead order in an

tcfnd a c cm bina 4icn of trips that m4.a4mi zes t:he arc cczst

(Equiationr (3.2)) and tha-t satisfies the followinq

condtions:

ST(j)-ET(i) -t2 Eqni(L4. 1)

SI(j)-ET(i) ti Eqn(4. 2)
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S F(j)-T ()-DD(EL(i),SL(J)) 0 Eq(4.3)

wher- DD(EL(i),SLL()) s th _ d-sahead time to ac frcm the

end lccation of trip i to the start location cf trip j. A-

node i, the arc cost CI ij) for all trips j which satisfy

equations (4.1) -o (4.3) is calcula-ted. Trio k is sel-c-Sd

to follow t:ip i on a partial vcehicle schedule if

C' (i,k) = min C' (i,j) . Eqr, (4.u)

Of course, . p i is -he -nd -rip of one par-ial v=.hicl_

block and trip k is the beginning trip of a second var-aia

vehicle hIcck, this cperuzion concatenates the vehicl- tlUck

beginning with =_4 k to -he end cf -he v.hicle block ..eding
with trip i, cre~t~ng a :onge: vehicle block.

Fer a trip i. :11e procedure s-tats with an in--.::va.
(tIt.2) where 1=1 and t2--DELTA and examines all trips i

which sa-isfy Eguations (4.1), (4.2) and (4.3). Upon

completinc the examinat: on of al trips j, a new -:m=

interval(tl,t2) is formed whre_ -l=t2+1, t2=t1+DELTA-1 and

the pro.cess is r spea:ed. The inital study done on the MS-

database by LCDR M-i6chel! is a special case of thA mahcl.

The initial study looked at increments of 1 minu-,

t2=:1. T h - trip j which sa-tiafi_=d Equaiona (4. 1),
(4.2) ar.d 14.3) was concatenated with trip i and any cth r

possible trip was ignored Chaptesr V will discuss :hs
sensitivity to DELTA.

The basic st.ps of -.he -ime incremenn procedure is

as fcllows:

Se 1: Input a timetable, let DELTA and VALUE be specified

and scrt the timetable by -the star- :ime cf each trip.

(DELTA is the length of the ti;m interval ani VALUE is the
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maximum arcunt of acceptable waiting time or dsadha: --.

DELTA is less than or equal tc VALUE.)

St.2 1: Set lower limit for time interval t=1 ant 3 ' '1P7--
limit for time interval t2=min(DELTA, VALUE). L_ i=1.

St p -: For trip i,

3.a. If trip i is not the last trip in a veh:cl= blcck,

increment i and go to Stsp 3 unless i -quals the numb-- of

trips in the timetable, :hen go to Step 8.

3.b. Compute the number of different lines trav:6: - or

the partial vehicle block associa-ed with -rip i. Ls- j
+ I

~j2 ~: Fr trip 1
4l.a. If trip J nct the start of a par-tial vshicle blctk,

increment I and go to Step 4j unless j gr =----

number cf trips in the -i tab-, -hn =o -o StD 5.
.. b. If -rip j does no- sa isfy Egua.ions (4. 1), (U.2) '7.'i

(4.3), increment J and go to Step 4 unless J grea t : tha-"

the number cf trips in the timetable, then go -o Step 5.

(t.c. Compute the number of diff9.r, -r linss and numher .f

trips that would be tzaversed if -he oa:-ia! vChic b!Lc.:

up tc and including trip i was concatena-eo= wi-n ..th. piartia..

vehicle block commencing with tzip j.
4 L_.d. If the total number of lines raversed is g.s a-

than maximum number of lines p-rri-.-ed, incremr.t j a:.. To

to Step 4 unless j greater that -:ha numb.r of trIFs " M -.

timetable, then go tc Step 5.
_4.i. If the deadhead time or The waitizg -ti ".s g-a-

than the maximum allowed, increment j and gc tc St-u 4

unless j greater that the number of -rips in -ha -ime-abe,

then go tc Step 5.
4.f. Ccmpute c-st of an arc asing Equation (3.2)

- If cost is greater than or equal _o prvious mirnimum
cost, icremnt i and go -to Step 4 unless j grea-r -ha- -hl

* number of trios in the timetabli, :hen go to Stsp 5.
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4* F.. placq previous muiaim'im cost by cost, let !*=j, (j*
-4S -be cur"rent candidate to concatenate with tri-p 4-) ic~

ipsn: and gc to Step 4 unless 1 greater- that --he numtser cf

trios in -:he timetable, then cont6inue.

StP -: Let Jzi.1. t- t tl~t2+1. Let t2=mi"n Ct1+Ld ELTA-1,
VALUE) arid go to step 4 unless -.1 is gzeatsr nn:'-an VALUE.

Then., cor4t.in Ue.

S'etc- 6: lf a tri; j* found, connectti to t-=-ip 1* on theA,:

vshzcle h2.cck.

St--ir '7: Incr-eaent I and co to st7ep 3.

,2 g: SI-oF. (Vehicle blocks havs been complstid.)

TI-e: atchiag methol adapt-s scmi c. h-o;cfu;

[Ref. 43. UrlIkq zhe ti-me inc:3mE!.vn method whichcl or'6Y looks

a- on: r=:.p at a time, the mac~galgcrithm cxam--.a-s mo=re

than cn;3 -rip at a time. The matching procedure s uie

that nbz level of ea~h nade (trip) ne speci-fiead. The ievel

co: i node is the relative depth of the nods inr -Cpctn a

rcua:s-tarti-nq nods, tha- --s, the maximum numbrer of

,ri -s whi(ch could Precede it in a viihicle block. Let ::

br e :r=es-'nted by node 4 in a newr. An arc sx--sns from

.o i --c node j if Equation (3. 1) -s satisfr-zd and hea:c

:i. :.vsn a cost of 1. Each PcIs is coancte:d to a su-,ar:cde-

S. Trhe Ievel of each node I s i=,l by the lonaessn Path

fromi tc -4. Sinac e th - net-work Is acycliz, all longess
paths can be easily fcurd (Ref. 3).

The algo=rithm pzocsdes as foil ows. .11l r6ea

level 1 a:; called parti--al v:?hi-,cl z b2.ocks. A ma-:ch in a

p-:oblem with self lccps (a node can b4 matched --o itself) i-s

defized where ths naztial vehic'-' blocks on levsl I a r = cns

c4. Cf ndeSz ind ths trints cn level 2 are a Secor~d ast of
nosdes15. The a,-c costs area as Isf inad in Equatio;,-n (3. 2) , and

the self lccp ccsts (thz. cost of not corcats-nating a -:i-p
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4with another trip) are set to a lag aumher. The solu--ion
to e matching prcblem finds the "best" se- of partia

vehicle blocks for all -rips on levels 1 and 2. The. partia!

vehicle blccks on levels 1 and 2 now b-come a ;et of nodes

and the trips on level 3 become a set of ncdes. Ths arc

costs are again defined by Equaticn (3.2) a.d ths self loop

ccs-s are set to a large number. Th-- solu, ion to he

matching problem finds the "be-" se- "' i-ar:. ci vshicle

blocks on levels 1 through 3. This p oc.-du:- ccn-nues

until all -evels have been examined.

Scme of the nodes may no-: be ma-cred in :he matching

problem defined cn level k for a vari%-y of re:sons. For

example, the number of partial veshicle b~ccks on levels 1

through k-1 may be less than (grea-er ,ha-) -he number of

trips cn level k. If a node (parial vhS not

matched on a lowr level., its level : raisel and

included in the matcbing for the :iex: .-ve. :7'o= example,

if level 1 had 3 nodes and !vel 2 h-1 cnly 2 ::odzs, then,

the cn= unmatched node from ieveli 1 4s adil t- the i-s of

possihlx, candidates fcr the match:am = fro0n .- veJ. 2 n

levsl 3. This upgrading of the ,-a! vsh cl_ blocks

con-inues until it is not Dossibla -: match th-s node with

any ncda cn :he next leval bcaise the maximum deadhead or

maximum waiting ".ime ccnstraints ar viol ted.

The basic steps for the =a.hing :ocedu::e ars:

Cep !: Input a timetable and set up a ne-:work where each

arc has a ccst of 1.

s-2 2: Find longest path from s -o each node i and assign

each nole the appropriate level.

,jep 3: Le- ill trips on level 1 be called partial vehicle

tlocks ard let i=1.
ct--,D 4: For level k= i+1,

•_._e Find all feasible arcs f:om the_ partial vehicl .

4 blocks on levels 1,2,..., k-1 to _a trips on lev l k by

30
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using EquatAicn (3.1) and find the associated arc c .S- U:S:ng

Equation (3.2) .

~4. Set self looping cost as a l.arge number.
4.C Find minimal matching cost solution and u-idate: the

partial tlccks.

Step -: Increment i and go to step 4 unless all, levels have4

been matched.

S11 6: Stop. (Initial vehicle blocks have been found.)

3. Elc Im-ov4;ewent Procedure-*

The block Improvement procedure is based on -zh s

concept that the vehicle b'ocks might be improved in thq

sense of rsducing the number cf differez- lines T, a vehicle

block. 'This -s acccmpli-shed by "'f:rig u p the s nds of

each vehicle block and solving a matching prcbl~in. Th.=

proc-edure finds the star-t of a vehicl.e block and comparzes

the line rumber fo.r the fi'rst two t=rips. If these -:rips a=-

from the came line sched ule, the second and third nisar'z

ccmpared fOr= the same line numbpr. If these -tr.'cs artB -;=OA

-he same line schedule, the thiJrd and 16ourth :=r-:s S imi-

larly compared. If all four tri'ps are from ths same linz

schedule, -.he vehicle block is removed frcm: consider'ation

for the block improvement procedure.

Ther:e are tuc ways tc have a vehi-.-cle block be.com-e-

eligible for this procedure; first, i.,f zhe vr-hicla blcck

contains less than four trips, or second, the vzehicle- blck

hasintrlining within. the first -four tri ps. If a vahicl=e

block has less thnfour *tri-ps arnd zach of the r r

from the same line schedule, the vehicle block i-a dtefi-nze as

*a node in LISTi which is a narrial ltigof nodes to be

used for a matching ;roblam. If a vehicle bl.ockha
liin i ~+i he fi'rst four trips, the vs-hicle block is

spli"t between the two trips where thi intzrlinn ccurs.

*The partial ve h Icle block up to the :.nterlining is datLned
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as a node in LISTI and the split off portion is define i as a

node in LIST2 which is a partial listing of the seccn! set

cf nodes for a mtchirg problem.

After all the nodes in IISTI and LIST2 have been

defined, feasible arcs are determined by Equaticn (3.1)

between nodes in LISTI azd LIST2 with arc cos-s d -ermined

by Equation (3.2). Self loopinc cos- are iefined as zero

for ncd-s in LISTi and as a large number for nodes in LISi2.

Thi S is to insure tha- at a m:inimum of -he old vehic!r*

blocks will be redefined _s a vehicle block and not cr-ate

mor- vehicl . blocks than originally str-=-ed with. A minimum

cost maching problem is solved a.nd the vehicles blccks arc

updated by the sclution. As soon as the procedure_4-
comple.- on the front end of each vshicle, -he prc=duz as

applied tc tha tail end of =ach vehicla block. For the

ta4ils, a total of four -- ios can be xamined, jus- as wi-h

the front of eact vehicle block, and the proc sdurs. exam.'e r.es

the !as: four -rips from the last trip of ths vehicl, blcck

backwards. Upcn 6cmpleing the examinan-or. of the ils,

the front pcr-.o: of the upda-ed vehicle blccks is lcckad a-

again. Thm .rocedurz :on:in-ies antil no changes are found

for eith-.r -end and h en sops. To pzeven- -he possibili-v

of an =ndless lcop or an exces:ve amourt of time being

taken, the procedure ony a ows a faxed number c f it.era-

tions. Chapter V discusss t.he s -,nsitivity -o -he rumbr of

trips i.c a vehicle block that the procedure checks for th-

same linq b=ing traversed.

The steps of the bloc:c "xprovement procdurs area as

follcw s:

1 2: Irput an initial set of vehicle olocks. Let i=1.

-_t.2 _: PCr trip i,

2._. if trip i 4.s not the first -trip cn a veh:clze block,

incrtemen i and go to Step 2 unless i equals the number of

* ri ps in -he timetable, then go to Step 5.
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... If trip i is a single trip, place trip i 4-z Li:i,

increz-nt i and go tc S :9 2 unless i equals the ..u-b--_ o!

trips in the timetable, then go -cc Step 5.

Z.g. Let trip j be the successor :o trip i and le *i.

S 3: YCr trip J,

3. a. If trip i* and trip j are no: trips from the same

line schedule, place trip i* into LISTI and t-rip j into

LIST2 and gc to Step 4.

.. If :rip j is the last trip -n a v-hiclz block, clac -

tri J into LIST I and go -o Step 4.

3.c. Let trip i* = trip j and let -rip j b3 -hs succ=sso:
trip to -rip i* and go to Step 3 unlss trip * i- thJ
fourth trip in a vehicle block, :hen cont:ue.

S-a.2 4: Ircrement i ani go :o Step 2 unless i equ ls :h
number cf trips in the timetable.

§ ,:ep 5: Find all feasible arcs from nodes in L Ti: rc.es

* -ir LIST2 by Equatior (3.1) and the arc costs by 'ia-ior

(3.2).

S z ": Se- self locping costs for LISTi equal tc zarc and

for LIST2 eaual -o a large number.

Ste 7: Find-.h minimum ccs: matching sclution and 'nda:'-

the vehicle blocks.
Ste-R 8: Reeat the procedure for the snds of each vh.-ci_

.lock using the reverse of the procelure, i.e. find n as-

trip in each vehicle block and f:n ,it- pr.dezzsscr, =-c.

!Ls 9: If there was a change in the vehicle blccks af-er

"oth ends of the vehicle blocks have baen -.hrough th=. przc-

durs, l - i-- and go to Step 2.

__2 12: Stop. (Vehicla blocks have ben, 1ipda-d.)
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E. CONCAEUATING BLCCKS FOR VEHICLE SCHEDULES

1. The G Alpro

The previous procedures fo-r a set of feasible vehi-

cles bicck. This procedure forms a set cf vehicle

schaduls from the vehicle blocks. This proc-dur is greedy

in tha- it concatenates the very first feasible vehicle

block -o the ead of the vehicle blcck being =xamined. This

concatena.3d vehicle block is termed a icnger vehicle hock.

A -the end of this procedure, tz- s-t of loncer vehicle_

lhocks ar -he vehicle schedules.

The st.ps in the greedy approach are as fcllows:

-p 1 : Input i s- o! initial blocks. Le-. i=1

Sten 2: Fc- trip i,

2.a. If -ri? i Js not the end of a vehicle block, izcre-

men- i 3rd gc to Step 2 unless i eguals the number cf trips

in :he tire-alle, -then go to Step 5.
~~~~2.b . - -+1

St7ea. _ Fc- trip j,

3_. .r :.Ip j is not -he start cf a vehicle blcck cr is
Previcutly e signed, incre--nt and go to Stsp 3 unl-ss

gre-tez tha: -he numter of trips in The time -able, then an
to Step 4.

3.. If Equatico (3.1) is not sa-:sfied, incr.ment j and

go to S -p 3 unless j greater than the number of trios in

thea t im table, then go to Step 4.
_._. Ccnca.enate the vehicle block that star-s with tri1

to the vehicle block that ends with trip i -to form a lcn7er

vehicle blcck.

4 f _: Ircrement i and go -o S:=p 2 unless s quals -he
numb-r :f trips in the timetabls.

5 5: Stop. (Final s:t of longer vehicle blocks arc -he
final vehicle schedules.)
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2. The Matchin2 AqproachThe~~~~~-ci foAo"-hci chjo= _o

The matching approach forms v9hizle f :am

vehicles blocks by a repeated solution of a .a~ ci.ng

problem. The nodes in -he matching procedure ar -he end

trips and the beginning trips for each v-hicle bl:ck. The

procedure d-fines all feasible arcs by Equation (3.1) and

their asscciated costs by Equa-i.on (3.2) and sclves a

minimum ccst matching problem.

The steps to the matching rpproach a:7=

SteD 1: Input an initial set of vehicle blocks.

Step 2: Find the ending nodes of all v=icie blcck.< ind -h=

starting nodes of all vshicle blocks.

Ste- o3: Fini all feasible arcs by Equa-ion (3.1) b:-:er ,th

end ncdas of each vehicle block and the smart nod:-s of sach
vehicle cok. Det-ermine the arc cost oy Equa-ior (3.2).

St _p: Set self looping cost aqual to a larg- numb-r.

S 5: Find the minimum cost matching solution.

Se. 6: Stec. (All ncdes matched in "he solution ar-

concatenated tc form vehicle schedul.es.)

C. UTILIZATION OF TEE HEURISTICS

The methods to derive vshicle blocks car. b fic"

combi ed with the approaches used -o create vshlc!.E schel-

ules. To generate resul-s shown in Cha:t: V, 1il cf tha:

possibl ccmbinations were examined initially and 4.ns cnes
that derived the best solutions were sxamined more close.ly.

Table II lis-s the ocssible ccmb-atons - wit the asscc:ated

index :hat will be used to 1isplay results i.n tables in

Chapter V. For example, if in examiaing a table locitc-d in

Chapter V and the method used was .TD=1, then tha. vehicls

t!ocks were created by the time increment me-hod an. th"

vehicle schedule was derived !y using :he greedy approach.
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T ABLE II

Definitions of Ways of Deriving Vehicle Schedule

M • 7HOD1 VEHICLE BLOCKS VEHICLE SCHEDULE

. MTD I TI.Et MATCHI BLOCK I GREEDY1 MATCHNG

1 1 YES I No I NO I YES I NO

2 1 YES I NO I YES I YES I NO

1__YES NO I , YES4 YES NO Io YE S I Nos YE

5 NOI YESI NO I YES I NO I
1 6 NO I YES I YES I YES I NO t

-7 I NO I YES I NO I NO I Y S

I NO I YES I YES I NO I YES I

Procedure for deriving vehicls blocks

Time rsf=_rs to The Tms Inc-r=men- Mehd
latch :efsrs to the Ma.ching Me+hod
Block refrs to the Block Improvement Procedure

" 7 Prcc-dur . fcr deriving vehicle schedule from vehicla blcaks

:reedy refers to greedy approach for -he conca:rai::.g
of vehicle bloc's

*iatch..g rfers to ma.china approach for -:he
ccncat=.nating of ve.icl blocks

63
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V. RESULT

I . n this chapter, -~he ms - 11o ds Tho w . in Tabl= 11 -0r

creating vqhjclrz blccks and sch,;.Avllas w:r e ap 9 lZd t c two

different. latabases - the MST d.azabase and ore da-abass

* . ~artificially gsenimrated a and th~.tsls ar :aple a c.

evaluated. The- p roce dur as ar e ev a 1u: te d as co -t h :

validity fo: use in sclving tevehaiola a-cheduliJng proble-m.

A. MODEL VALIDATION

1. Table io4tati cn

The abbrevia tiA-ons useA a:-, c,:).mns sf :hs ane

are:

MLy: mnaximutm number cf linss :n-il* block.

MT: heurist ic m ethIo d s to !e~iva -:h4 vshic2.e schme'Th..

The .umtc-r in the ccl,:2n identif:3 t hi met-hod used and
corresponds to that :ow --n Tabes I:, .g., if ITD is 8, th

ve~ilcls ticcks ara eri tv tths 3a.:C irg procedurs an.j

block impr'cvement p ro cada r- c -- mb 4n sd -hen the X a tc an

approach is used tc conc-zsnae -. vehicle biccks it

vehicle schedules.

WT: toTal waiting time fo: a vc~nicls sc*,Idul>.

DHT: toctal deadhead tims for a ve hicle schadule .

NB: number of vehicle blocks qurd

jjB avirage number of linss travez~zed oer v-?hic1= blo1ck.

VS: total numbs-- of vahicle schedulas.

IL:av-Erage nuimber of trips per vehicle- schelule.
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2. I_ Svst:m

The Monterey portion of the IST sysm-em is composea

of 16 different lines and 240 trips. The imetable utilize4'
was dated effective 20 November, 1982. This ime.able was

used since i- was readily availa bla, no: ::emendcu sly

complex and easily reproduced since :he Rider's Guide ,
[Ref. 6], contained the predecessor and succssor f ):
each trip. The MST timetable dea! -. only wi-_. -he: cnday

through F=i4yav schedule. This schedule had a larg- AM peak

and a scic-what smaller PM peak. It also had 23 differn

starting locations excluding the iepo-. In -he !SI da-:a,

the maximum numb-r of lines a vehicle was found to :ravsrs
in a vehicls blcck was 7. The deadhead tima was eproxi-

matsly 1105 minutes, the waiting time was 1417 minuwes, -h =

number of v-hicle blccks was 35, tha number of vchicl.S

scheduled was 26 and the number of lines/vehicle block was

2.94. Tatle III tabulates this ir.forma-ion.

TABLE III

MST System Schedule

CRIGINAL SCHEDULE

I WT I DHTI NBI L/B I VSJ T/V
I.- . .4114171 11051 351 2.941 26J 9.231

""3. Ini-ial 13tudv

The initial study by LCDR Mitchell was carrie_1 cu-

as a -=rm project in a seminar class on Routing and

Scheduling at the Naval Posngradua-e School, Oc-cbe: tc

Decemter, 1982. The approach taken was -o genrat= -:he

vehicle blocks using a tIme incremen- method wi-h the
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T, n -,.-I te. her. a tcrip j was fcu-i

could b-- co.-catenated with a tri-p the trips were ici-ned

-togsethar to fforai a gart.ial vehicle block. T ha s e at
vehicle iccks di4 not necessarily havs to bScir at -h_

depot; the vehicle sched ling procedure took this ir-

account when forming ahe vhicle schedules. The vshicl=

schedulirg proc.duri tried to exchangs trips b.twe-e-n the
vehicle blocks to r-:edu c,- eadhead or wai-irg -'rmes cr number
cf lines --avereZ .e. bl1 IV shows -he -eSults =:C7 -h

TABLE IV
Initial Study Results - MST Database

ULI T I DHTI N3I L/3 I T/V I

1 1 29141 13731 341 1.03J 7 06
I 2S14 13731 34 1.301 7.06

2 1 19881 16901 511 1.981 4 .71 I
1 2'&321 12351 341 1.851 7.061

-111;118481 491 2:911 4.90I 2 i* 41 11471 281 2.531 8.57
4 I C421 16391 411 3 781 5.85 1

I 25I 11231 28I 2.751 8.57 1

5 1 ICaal 14341 371 59 4"2

" 7 1 11131 12911 291 6 101 a 27 i
1 12,441 11231 291 2.821 8.571

10124 1123 1 28; 2.21 8. 57
1 95 199261 o88 9.23

I I 2eUl 11231 2E1 2.821 8.57w

I 11931 10991 261 6.85 9.23

4:nitial s-udy. For each maximum line ( IL), -he -lblc has

two rcws associated with it: the fis--- :ow 4s I: nI:-al
vehicle blccks and the second row is the number of vehicles

required aft- the ccncatenating proc-dure was aplied. As
* will k b s.en, this method gave inferio. results.

39

L .



T ABLE V

Time Increment Results - HST Database

aramst ers:

A1= 1 A2= 1 A3= 1 A4= 1 MDHT = 20 MWT = 30

i TI IMTDI I T I DHT I NBI L/B I VSi T/V

126341 16431 551 1.001 29148.271IrI
1 II1 26341 16L431 551 1.001 291 8 .71

13 26341 1643 55 1.001 30 9.301
26341 1643 55,1 . 301 23028.

21 1I 26011 14251 451 1.60 29 27
S 2594 1425 451 1.481 29
2 I I 26011 11259 451 1.601 291 8.271
2 4 25941 14251 451 1.481 29 8.271

1 2532 13251 421 1.71 7.74
I -1 311 6 4113494 421 1.901 291 8.271

3 I 25321 13251 421 1711 3 31 7.741
1 1 24939 13291 2. QI 291 8.271

14 2 1I 2459 1329 411 1.871 291 8.271
4 71 3 II 24931 13291 411 2021 291 8.27

.2455 13291 41 1.87 94 .27

i 51 3 25191 12811 391 2.071 299.271
1 54 2 25011 12691 391 1.921 301 8.009
1 51 3 25191 12811 391 2.071 291 8.271
51 5 4 25019 12699 391 1.921 301 8.30

171 1 11 25191 12811 391 2.071 291 8.27i
71 2 j 1l25011 12691 391 1.921 301 8.001
71 3 I 2519 12811 391 2.071 299 8.271
7 4 1 25011 12691 391 1.92 301 9.001

4101 1 11 2r191 12811 391 2.3712914 1
10' 2 2E 12691 39' 1.9
10t 3 9]2519 12819 391 2.071 294 3.271
101 4 9925014 12691 391 1.921 30i 8.001

I 151 1 1 25191912819 391 2:071 294 9.271
11 2 14 25011 12 6941 391 1.924 304 6.009
4159 3 99 25199 12811 391 2.071 291 8.271
[1 (4 _11 25011 12 6991 391 1.921 3019. C

4&. Vime I! crm an

Fcr the :uns cn the MST latabase, tah maximum zallo-

wable deadhead time was set equal to twenty minutes an~d -.h-

maximum allowable waiting time was se,: equal to -:hi-ty

.6minutes. Table V displays the =isul-.s.
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In this analysis, with Al= A2= A3= A4= 1 and III= 1,

the re siults from the methods, MTD = 1, 2, 3 and 4, w e :~ th,?

SpAmee This was expected since, wi-th 3L= 1, the tiMe :nc:eS-

Mari- p:cceeure is basically a firs-t =:= ----- -t

algorithm. The results differZed greatly when. ML waS charged
from 1 tc 2 and then to 3. When ML was increased, ths -.ota.1

daadhead tine and waiting time was decreased. With ML > 4,

,tn ha sl stabilized. Other than for ML of 1, 7he blcck

4mvcveiert procsdurs reduced the- avmrags numberL cf lines

4travezrse-d p :r vehicle block (L/3) an-, generally reduced bot h
waiti4-g and deadhead time. The concaresnaticnt of t-hz vehicle

hlockr- *:rto vehicle scheduleas was aff-ctecd by t ha ms- hod
used to de:-ve the irnitial hclbocs Teblc

t~: procedurej generally - cz~assld r ha n u X.b~:

v -r? cls requir ed but r-educed -he average number cfi ines

par vFhicle block. Sirnce the four metiiods (ITD= 1, 2,3 cr

4) p=,:duc::d equivalet- results, t h analysis :n h~

ze ma :n r d ':f this *Pape= concentrated o r. imsthod '4, _42=_

4ano: efqnt i:rocedura w~t bl-cck imorovemenn_ and mat6ch'ng

ano -Oacl. f,~ -he conca enaninc of vshicle bl.c k S .tc

vz-h-cls Scht~dules.

'The ssns-_ti;vi.ty of thea -t::e inczeme-i- o~co-e-'ure to

zh iza cf ths i-nter-val (ti ,n2) was sam_-:d. .3v "-.C2Air

all thi c-ther paramet:ers Al, A2, A3, A4, MDHT and MWT
Cn.stant, 'Table VI shows the results of var.yir~a DELTA from

cne minute up tc thir=ty m inuates. In general ts.rms, tha

bigger the DELTA, the smaller t:hs average numbezr cf lineas

rzaver=sed in" a vehicle block. For m-_:!Mzn'g ie~e or
ua:n ti.me, a value of DELTA between fi-ve --a ten m-inutes

4 appeaar :c givs the best result. Since one objective of :i

work was tc mini6mi ze the number o f lines travseli n a
vshicle Ibleck, a thirty minuts DELTA wai used, bu- with t:he
understandl Zg that ito aos not result in t he Min m wa~tn

and deadhead timz.
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TABLE VI

Time Interval Sensitivity

Parameters:

A1= 1 A2= 1 A3= 1 A4= 1 MDHT = 20 MWT = 30

MLIDELTAI UT I DHT I NBI L/B I VSJ T/V)
2~~~~ ~ 5 47 4314 65 1291 P27I 2- 1 ,I 2486, 14521 48 1.7 30 .O

21 10 2447 113 461 165 291 6.271
: 21 15 i 22751 14661 .81 1.751 291 8.27120 22851 15591 521 1531 301 :.O0I

225 1 25171 14251 451 1.531 291 8.271. 21 30 1 25941 14251 451 1.481 29 6.27

3 1 1 20621 3781 451 2.311 281 .531 ' 3 2C621 1378 /45 2 3 1231 8 57 1

3 5 2021 134 1 2.419 21 8.8
3 10 20901 12891 401 2.321 271 8.88

31 15 20-561 14031 45 :7 271 8.571
31 20 22021 13201 412 9 271 8.881I31 25 25301 12931 41:351 3 C1 9.03 30 2 321 132 421 1.71i 311 7.741

4 3 2223 1237 39 2.761 27 8.8841 5 20951 1129 341 2.851 2 6 4.231
0 2167 1152 2771 28 .571

41 15 2126 12381 39 2.711 28 8.57
4120 2254 12C01 39 2.581 231 8.57

1 41 25 1 2410 12691 391 2. 121 301 ;.00
1 41 30 1 2455i 13291 411 1.871 291 .27J

5. ratchin

Table VII shcws :he zesul-.s of -s::q he matchinq

Frocedure tc genrrate the initial. st of v ~hizle blocks for
the MST timqtable (1TU = 5, 6, 7, 8). The rz.ults indicats

that the matc"inc prccedure is independent of jheth_=: cr not

block improvement was used. This result was .xp;c-ed sirce

the matching prccedure attempts t3 i-1d th- minimum ccs-.

matching sciution while forming the ini-tial v.hicls blccks.

Again, the potential cost of the sys-em increases as -.h=
value of ML ge-s smaller. Since ther- is no real diffegrence.
_n the method used, method 8, ths ma ching procedure with
block improvement for the vehicle blocks and matching
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TABLE VII

Hatching Results - MST Database

Parameters:

AI= 1 A2= 1 A3= 1 A4= 1 MDHT= 20 MWT= 30

MNL JMTD II WT I DHT I NBI L/B I VSI T/V I

411 5 11 26471 16211 531 1.001 291 8.271111 6 1 26471 16211 531 1.331 291 8.271111 7 1I 26471 16211 531 1.:001 301 8.00 126471 1621 531 1 00' 30 8.00

5 234.,.3 13381 411 1.751 271 8.884w
21 6 {f23611 13261 1 1.751 2 9I .5fl

2 2343 1338 41 1:75 27 8.88118 1 2361113261 411 1.751 281 8.5711
23Z61 131 628.881;

3 5 11 19461 11931 36 2 21 27, 8.1 8,,
3 6 1946 1193 36 2.22 271 8.881

31 7 1 1946 11931 361 2.221 271 8.8811
38 19464 11931 361 2.221 271 8.8811

41 5 11 1689 11361 331 2 631 261 9.231
446 1689 1136 33 2.634 261 9.23

*41 7 16891 11361 331 2:631 261 9.2341
.. 44 84 16891 11361 331 2 631 261 9.231

51 5 11 14324 11361 331 2.931 261 9.2311
454 6 141 1432 I11361 331 2.931 261 9.234

1 51751 14321 11361 331 2 931 261 9.231
1 54 8 1 14321 11361 331 2.931 264 9:231(

171 5 14 14214 11364 331 2.871 26 9.231i
171 6 14214 11364 331 2:871 26 9:2311
7 7 14214 11361 334 2.87 26 9.234 t
7 8 4 14214 11361 331 2.871 26 9.2311

5 1 14211 11361 331 2.87 26 9.23 1
14214 11361 334 2.87 26 9.2310 7 14211 11361 33 2.87 261 923

1 104 8 1 14211 11361 331 2.871 264 9.234

1151 5411 14211 11364 331 2.871 264 9.2314
11 6i421 11364 331 2.871 261 9.23411

15 4 1 14211 11361 331 2.871 264 9.23

Ii __,_ I __

:.6 151j1

15 4 1421 1136 3,3,1 2 .87 261 9.231

approach for -he concatenation of the vihicle blcckz in-c

vehic .1s schedules, was used for the remainder cf -he

analyses on the MST database.
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-"6. Ccmrariscn o' thz !chs-u!=na le-hods

Since the Mcnterey pcrtion of the MST sIs:=m was

constrained to have no mor? than seven lines per v-hicle

tUock, the validaticn of these procedures was carried out

with PL - 7. Tatle VIII shows the r:esults with the

TABLE VIII
Comparison - MST Database

IMethod I WT I DHTJ NBJ L/B1 VSI T/V

M 14171 11051 351 2.941 261 9.231

llrnit ial 1I 28441 1 1231l 291 2.821 281 8.5 7
ITi*me I 25011 12691 391 1.921 301 8.001

,atchirgi 1(211 11361 331 2.971 261 9.231

MST refers to th a ori sant NST data
Initial ref .rs to the ini-:ial study
Time ; efers to 17D 4
M atchzng refers to IT) 8

ndiffrent scheduling methods. The 4eadhea -ime for th

present MST schedule, for h a1 study ari fcr :hp

matching prccedure all ar== very clos;e. Since the numb-r of

vehicle tlocks for the time i' crsmn-r method is large-- than

the cther methods, the :me a emen- method has mcre dead-

head tim-e because of the large- number of trips tc and from

the garage. In addition, the time increment- method had mor-

wait.ing time, number of vehiole blocks, and number of

vehicle schedules bu-t a smaller average number cf lines

traversed per vehicle block. The time incremer. method is
higher in the areas discussed but Jt is fl- that by

changing the weights for each factor that this approach will

produce gocd soluticns. Since the init'al me-hod gives

inf!.rior results, it will not be considered any fur-her in

this thesis.
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ith the same pa rame ters, t appears ~~

matching method generates a soluton whifch ruie ISs

deadhead tife, fewer vehicle blocks, a smaller n um b r

vehicle schedules and more waiting time when compa-rel w~th

the tize -rcrement prccadure. From these results, one would

probahly prefer the matching methoa to -the time :rncismn

method fcr generating the initial vehicle blacks for ths I1ST

system. The block improvemsnt pzrocedure has little ffc

cn thbe :esults.

E. EFFECTS OF CHANGING THE FACTORS VEIGHTS

Tc show the -effects of changing the weight- factors, twc

Cf-he ±4cu: factcrs (Al, A2, A3 and A4) were h -3d c on s7a,-,-

and the ct1her factors varied. This approach was se1l-c-:sd

s nce the number of lines per vehicle block and the :um be

of liras divided by the number of -trips were- relatecd and

total deadhead .6 .time and waiting -time were related. The

mretho.ds examined are HTD 4, t he =Lms i.reinen: method w--th

block improvement and matching usead for co r.atnto the

vehicle blocks Into vehicle schedules, an-d nTD 8, -h,

match.Ing method wit*h block improvement and matching usad fo7

co nc aten2-ati-ng tha vehicle blocks intoc vehicle schedules.

1. wag~ !actc:s Al and A

Weight factor Al is the factor associat-ed witu ths

number of li-nes traversed in a vehicle block. The wei-:ght

was considered to be small and ased only as a tie brcaka:

when seeki&ng to f ind the "best" trip j to concateinate wv-th

.--p i. Weight factor A2 is the fact-or asscciated wit h th=

number of lines divided by the number of trips in a vehicle

tlock. The results in Table IX demonstrate that for both

*th e ti-me incr ement and the matchiag proce-dures ais crne

increased ei'ther Al cr A2, thei number of 'lines/vshicle6 block
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T ABLE IX

Veight Factors Al and A2

Param a rs:

X3= 1 A4= 1 HDHT= 20 M1WT = 30

MLINTDII WT I DHT I NBI L/B I VSI T/V I All A 2
21 I 25941 14251 45 I .481 291 8.27 1 1i i
21 4 H 23861 15481 53 1.81 31 7.74 04 01

,-21 4 44 24661 14011 46 1.651 30 8.00 11 Oj

2 4 26521 1392 44 1.40 29 8.27 1 I- 2594 11251 45g .i 2918.271 !
21 f 2587 14134 451 1.481 30 3 .03 129 14214 1.8 9827 0 1

26671 13774L 43 1.441 291 8.271
2 4 11 2679 13771 4 4429 8.27 101

8 2-611 13264 411 1.751 284 8.571 14 11
21 8 2000 15301 50 1.94 281 8 57 0 82. 8 1610 419012 :7 110

2 23611 13261 411 1.754 281 8.571 21 11
2 8 1282 1289 401 1.75 28 8.57 101 1

S 23161 1338 411 1 801 271 8.88 04
412 81 2801 40 175 281 8.571 l 121

2--" 24911 13291 404 1.704 271 8.88 14 03 ! 4i!J 35 2 8  3 . 17{4 1  1
19 54 1391 45 2.621 8.57 0

3 4 19761 13214 424 2.351 271 8.881 1 i 0
f 314 ' 25651 12921 404 1 801 294 8.27 21 11

31 14 11 26731 13051 401 1:0 9 : 7 011

1.. 31 a 11 2"1121 13051 401 1.571 291 8.271 11 10

131 8 2941 11931 361 2.22 27 8.884 1 1318 18031 1299! 4027 78831 83 .72
3 8593726361J 27 8.88! 12661i.31 I 197 12163 36 2.22 27 <8. 2 1

1 3 8 1 94 1 19 1 612.2212 2719 8 1 o 1
1193 8Q127 881

1121451 12/451 6 2 7 8.88231- 8I 2128' 1171 364 2200 27 8.881 1 101

(LdB) deczeases, the total dealhead time and :.ctal v-hicles

:quired dcr-aascs ard -he total wai'ing zims increases.

The weight facto: on leadhead .ime -A 43 and th.

weight factcr on waiting time i-a A4. Th. results i% Table X

indicatz that when A3= A4= 0 lives ve:y reasonable reults

except with respect to total waiting "ime of the vehicles.
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TABLE Z

Weight Factors A3 and A4

"aramet ars:

Al= 1 A2= 1 iDHT= 20 MWIT= 30

IMLITri WT I HT I NBI L/B IVS9 T/V I A31 A4

*24 2594 1425S 45 1.489 29f 8 27~ 1  112 4 2682 13771 431 1.41 291 8:27 0 '1 oi
.2 2700 1386 44j .43 30, 8.00 1
1 2 4 2466 14011 461 1.651 3t! 8.009 15 1Ci

21 4 2594 14251 451 1.481 291 8.271 0 1,
21 II 24461 14181 46 1.561 291 8.271 11 2,
21 4 22531 14871 499 1.771 291 8.271 101 15.

1 2 8 1 23611 1326 411 1.75 29 8.57 19 11
. 2 8 2658, 1283 38 1.63 28 8.57,
2 8 2641 1270 381 1.63 29 8.571 1i 0;
2 8 23,5 1339 41 1.73 281 8.571 11

2, 8 2136 8.13819 43 1.86 29 6.57 I

2241 1364 41 1.80 271 8881
2 8 2120 13941 43 1.861 281 3.571 109 15

-- 4 25321 3259 42 1.71 311 7.7,4 1' 194 2715l 1305 40 1.57 298.27 oil
31 9 2728 1290 40 1.70 29 8.27 1 09

I 4 2021 13451 '43 2 411 271 8.88 5s icg
S 4 2532 1325 42 1.71 31 7.74 i 11
; 31 4 2403 1298 41 2.04 29 8.27 1 24
3 2032 13451 43 2.391 271 8.88 10; 15

1946 1193 36 2.229 27 8.88 1 1
31 8 I 2272 12691 371 2.051 27 8.881 .31 278.889 2!0

31 8 185 25 9221f7 .8 2283 12561 37~ 2.05~ 27; 8.889 1 1
31 8;1 18101 12191 381 2.559 271 9.889 1l31 1C~

9 31 8 1931; 12069 361 2.251 279 8.88; 31 1;
398 1; 18991 1210, 36 2.331 271 8 881 19 21
31 8 1689 12144 371 2.62 279 8.88 109 15!

Large values of A3 and A4 give the smallest w itq.rg -i_= hu-

the largest value of lines per vehicle bicck.

C. EPPFECTS ON TRIP EPTH FOR BLOCK IMPROVEMENT

The purpose of the block improve .ent procedure s o

reduce tte number of lines per vehicle block (L/8). Th-

procedure allows the removal of up to fcur :-ipz f:cm a

vehicle blcck. The question is to determins -he rcFer
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dep-th into a vehicle block (the depth of a v.hicl _ blccx is

dafined tc be the rumber of trips in-o a vehiclr block)

TABLE XI

Trip Depth Affects

Paramet.rs:

Al= 1 k2= 1 A3= 1 A4= 1 MDHT= 20 MWT= 30

:MLI MTDI WT I DHT I NBI L/3 I VSI T/V IDEPTH

21 4 1 25981 14251 451 1.601 294 8:271 2 1
'1 4 I2594 14251 451 14 291 8271 41

3 1 14 1 25411 13371 421 1.781 301 8.001 2 1
2532 1325 421 1.71 311 7.741 4

41 4 1 24901 13291 411 1"971 291 8.271 2 1
1 41 4 1 24551 1329 1 411 1:371 291 8.271 a4

1 21 8 1 23 31 1338 41 1.751 271 8.881 2 I
161 411 1.751 281 8.571
131 8 1 1946 11931 361 2.221 271 8:881 2

13 e 19461 11931 361 2.22-1 271 8.881 4 *
I 8 1 1689 113 261 9.2 1

4 8 11689~ 1136I 331 26 26 9.231

which can b. split apart. Tab- XlI is a compari--Z, of -hs

methods when the depth is changed from -wo trips -o -ou_
trips. The column in Table XI that' is labelsd DEPTH r.frs
to -he maximum number of trips that was chacked fc: tray-

ersng the same line. The :ime increment method was
somawhat sn.i-ive tc the deo-h of a ve-'.icle block and th-.

greater t.e dap4.h the smaller was the value of lines per

block, waiting time and deadhead timq. The ma-ching-hased

Frocedure was not affected by -.his procedure.
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D. APPLICATION 'O AN ARTIFICIAL DATABASE

Tc det=ermine th. g-anealities of these resul-s-, a

second, ar-ifical database was gsneratad. Figure 5.1 shows

Li.-e Time Time Lcca,.i6on Loca-i.-n Heaawav1 7.20 8.15 A A 9 mi-n

2 7.05 8.10 B D 17 :a:.n
3 7. 10 8.00 D D 13 rain
4 7.05 8.20 a E 6 mi r5 7.20 8.15 Ea1 i

7. E B3 :

"-6 7. 10 8.45 'T D 14 m:.,-
7 7.40 9.00 A D 15 mr.n
a" 7.30 8.20 C F 21 m -'n9 7.25 8.25 F C17 m -n

10 7. 20 8.20. C A 14 r

Deadhead matri:-x (d-- o-: i!¢ca-:9d at A)

A. 3 C 3 E F

,.-A I 0 !3 18 18 18 10"-"B 10 0 10 18 is 18
C ! 18 10 0 10 IS 113D 18 18 10 0 10 18
-2 18 16 is 10 0 10

F 10 is 18 is 10 0

Figure 5.1 Database 2 Route Structure.

how a timetable was constructed. The depo-, was Iacat.sd at

,' •node A. ITc illus-6-arae, the first -_ri-p associazed with lins

-. 49



1 would bein at 7.00 and havc a Ei:a:-c. - 75 z - .

Ths second trip asscciated with line 1 would b.g: - a- 7.09

and have a duration cf 75 minutes, eta. The headway is the

interval cf time between successive trips leaving a sveci-

fied sn irti:ng node fcr a specified line. The perici cf -im

that was ccvered by the timetable was 5 hours and resuItad

in a timetable which consisted of 230 trips. Tabl = XII

TABLE III

Database 2 Initial Results

Parametirs:

Al= I A2= 1 A3= 1 A4= 1 IDHT= 20 MWT= 30

M JM-I IMD I WT I DHT I NBI L/B I VSI I/V

11 I 9231 40181 791 1.001 701 3.281
21 4 1005 39061 721 1.041 701 3.2813- 4 1 1020 38881 721 1.051 701 3.281
41 4 10201 38991 721 1.051 701 3:28110201 3888 721 1.051 70 3.28

1 118 1061 3281701 1Q001 701 3 281
1 21 8 111C571 28701 681 1.57 6713:4 3281

1 3 8 1 62122741 631 2.19 I631 3.6515 8 868 21681 611 2.341 61 3.771
568 2168 611 2.341 61 3.771

shows the initial results fcr methods 4 and 8. Mse-hcd 4
. agaJn stabilized very early and continued tc have a very low

number of lines per vehicle block but did "pay" for this in

highez waiting time, deadhead ".lme and number of ve.hicle-

blocks. In contrast, method 8 (matching) ended wi-h a

higher L/B but significantly reduced WT, DHT, I1B Anl VS.

These solutions again seem to indicate -ha- the -a-ching-

based procedure is pref erable to -he time 4 r c-_am-=nt
procedure.

Varying the weightLng factors showel similar resul-s as

those cbtain.d from the MST database. Tabla XIII shows the

effects Cf varying Al and A2. For ma.hcd 4, -here was a

50
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TABLE XIII

Database 2 - Varying Al and &2

-aramet -rs:

A3= I A4= 1 MtHT = 20 MIWT= 30

MLIMTrii ;iT I UHT I NEI L/B I VSJ T/V I All A 21

'21 II 0 39061 74. 1:041 731 3.281 i 11
21 4 511 29681 811 1911 691 3.331 01 Of

, C05 3 72 1 .041 7328

jI 1 ~969j 81 1:911 . 0217 287J 6621 1571 671 3.431 11 1,
I-21 8 10761 24601 681 1891 681 3.381 01 O

2 8 10791 24701 661 1.821 6313 ii ,11 011
31 8 10201 38781 67E.1 10571 671 328 31 f1

31 4 7981 25721 691I 2:571 68 1 3.381 0!1 01

31 4infcn 11res 10013t8 . 1.05 a01 3H 281 1a si1icn

31L I791; 24961 681 2.541 67j 3.431 11 Cf
341 10201 38881 72 1 1.051 701 3:281 0f11i

31 8 11 E6 21 22741 6-I 2.191 631 3.651 1~ i
-41 8 II 231 21561 6',.I 2.731 641 3 591 04 01
31 8 VI 75 21201 6L 2 2391 64 3.591 11 01
3161 849 2 3-81 63 2 12 631 3.651 01 1]

0 as ccmparsd to wher A2 = 1. Also, values cf WT, DHT, and

L/B appear independeint of the weight on Al. A si!ilar se-

of results was noted ft- m mthod 8. Again, these rssults

seem tc indica-e tha- only A2 needs a weight.

Table XIV shows the -sults of varying ths weights cn A3

and A4. Incrqasing th; weight on A3 and A(4 decrees.s -he

deadhead tilme but inc=eas.s the number of lines per v-hicle

block and rumbe: of vehicle schedules and, for -:he im.

increment method, increased the waizing ime.

For the same parametar settings, zhe matching prccsdur=

clearly dcminated the time increment proceduri wi-h respect

to total deadhead time and number of vehicle schedul.s and

was clearly infericz in terms of lines per vehicle block.

f For MI = 3, the matching procedure had less waiting -ime
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TABLE XIV

Database 2 - Varying A3 and A4

Pazamet=ers:

A1= 1 A2= 1 MDHT= 2G MWT= 30

ITTDII WT I DHT I NBI L/B I Vs3 T/V I A31 .4
I73

1 2 4 iC 1C5 39061 721 1.041 7 31 3281 14 11
1 21 4 11 S851 39521 731 1.Ul 701 3.281 01 01

10231 38261 721 1.081 701 3.281 04 11
2 4 1009 38261 73 1.08 701 3.28 01 04
21 4 1I 11941 27221 821 1.851 721 3.191 301 151

.1857 671 3.431 1
1 21 8 1 10101 28121 651 1.691 651 3.:5341 04 01

21 8 1 2281 30721 661 1.601 661 3.481 01 14
-2 8 1 1231 28341 671 1.531 661 3 484 14 1o24 8 14 1/18J 23644 694 1.841 684 3.381 304 151

31 j 4 II10204 38884 724 1.051 701 3.281 14 11

31 -34 1 C18~ 378241 711 1:01j 701 3.281 01 14I

,3 4 11 2308 4 71J1 .14 7)1 3.284, 1 5-)3 4 1i 1344 38161 7211: .031 701 3.281 '1 4

31 8 11 8624 22744 634 2.191 634 3.65i 1 1
3 274 22521 621 2:191 624 3.701 0' 13O11 4 7954 23724 624 2 161 621 3.701 04 .

1 34 8 11 ?061 22544 624 2.171 624 3.701 11 01
1 31 8 1 8571 20834 654 2.294 644 3.5914 304 151

t -an~ zhe 14-me i rcreL . mathod bau:, ~r'L=2 ~ -e

concius-crs could be reached.
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VI. CONCLUSIONS AND AREAS FOR FURTHER INVESTIGATION

The procedures developed attemp-ed to minimize -he

average number of lines traversed in a vehicle block whil

maintai'iing a high average number of trips per vehicle

schedule. Both procedures used a modified linear weiah-:sl

slim cos- function, Equation (3.2), to derive -:h ccs-s cf

concatenating trip i to a trip J. Th- factors included -h,
.numbr--- -f lines trave:sed in a venicle blcck, -he number of

lines --raversed divi ded by the number of trios in a vehicle

-iock, tc- deadhead and waiting times.

A. CCNCLUSICNS

Thesse ;ccedures can be appl e do obtain n raso-able

soluticn for a vehicle scheduling problem with in-rlinin
constrain-s. Thg matching-based procedure consistqn-!y

cbtained H better solution in -ems of waiting and d-adh.a_

;m's, umte: of vehicle blocks and average rnumber of -nris
ro- vehicle schedule. The ime inceme.nt procedure dii

resul-t .n, a lcwer averace number of _ines - ed per
vehicle block. However, in is possible -o inc-eas- -.h

value of A2 so as to have -he matchina-based proc=dure

Froduce results comparabl- to the time, incremen- vrccedu:e.
For examqle, when A2 equaled 10, the results fc: bcth
methcds on t-he .ST data set were nearly identica for L/B.

The CPU time for both of -hese procedures average.d less -han

5 secconds cn an IBM 3033 so computational time was not

considered a factor in the comparison of the -two m-hods.

Based on the assumptions and the results of this study,
4- is possible to find reasonable solu-ions to th. vehicl=

scheduling problem with inter!ining constraints. One can
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* vary the sclution by increasing or decreasing th- values

associa-zed with each factor and some g.n=-al guidl!in is can

%be stab!.'shed. Al, the fac-ror for the nmDmsr ,-f _nes

traversed is not a dcminant facto: bu- - can be u: eful to

break :ies. A2, the factor associa-ed wi-h -he numb.r of

lines tzaversed divided by the number of -rips, can dominate

the sclution and, by increasing or decreasino i-.; we:L.ght, a
desired value can be found. The use of the facto: A3, fOr
deadhead tize, is ohvious as is AU, -he fac-or fcr wai-na

timS. By varying A3 and A4, solutions car b R changed

dr:am atically but it .sobvious -hat the deadh-=ad -:i4m facto:
should have a weight gratsr than the waitngA -mot factor
wMight. Ccns-rar.ing -he maximum number of lines -::avsrsed

in a venicis block increases the costs cf he syz:e-m i.

terms of 1deadhead tize, waiting time and -.umbe:- of reh--cles
needed. For the time increment mehois, -he 1!cck .mrrove-

men: prcc-dure can reduce tha averagz, nab .q.- o lines

traversed in a vehicle block.

B. AREAS FOR FURTHE INVESTIGATION

This s-udy used a modified A:Zaea: tc d v.lop

the cs-: cf an arc based or -he numbe: of traversed,

the number of lines traversed divided by lhe numbs= o-O
rips, diadhead and waiting times. The proc-.:res di no-:

-ampt to find the opt imal values for -4e w.irhms of each
factcr, rather, examined -o se? if his -ype of approach

could lead to feasibls solutions. The z-us ssitivi-y to
each of the factcrs has not b-en fully determined, i-stead,

quidelines were given as to whether or not a factCor shcul.

have a ncr-z=ro weight. An investiga-ion inmo findinq cut

if a ratio of one weight to another might lead -c bet-er
scluticns, r..g., should the weight for deadh=ad --im to

waiting time be 2:1, 3:1, or what?
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Another consideration is -:he use of the modifiel --na-
-uciorn. The objective function might be better repr-

sented by a nor-linsar form. An example is t he facto:

concerning waiting time. Some waiting time could tz con~sid-

ered an asset so as to catch the schedule up if the vehicJ.a

falls beabind schedule or tc allow for dr -'ver Z el 4-f- Fetc.

The modified linear function assumed a value of 0 for ths

wa iig timeif less than a givsen value (for te study it

was 5 minutes) . It does not necessarily seem loafcal -hat

wai-::ng t-me as a cost '4ould be line,=ar ifter -h- time sincs

1 t Would become more of a cost, and the relationshiP t!- th--

cost might- nct be lie1 Si milar logi c could be applie=d to

deadhead time. Some deadh-aad t:ima is a fixid cost bu- th

dsadhead t.-,ze fr cm ore locati-on to anotherz might be benefi-

cal somewhers dowr, the schedule since i mig., aea a
conn4.ect?,,cn which cculd end up sav-ig more than 4,hz cns cost.

Cze approach to answer this might be 7-, derive a tentati:ve

vshidle block then apply a savIngs type algorilthm Jt t.

This type ofl approach could take -tue~ place ofA: or be in- addi-
tion to the block iiaprovement prcedure. Another Csb',;

soluticon might be- to derive a stitynoz-linear functlon.

The procedures lcoked at daalt only wit:h vehicle sched-

ulin-g and Ignorid tie driver scheduling problem. If the
problem 4s to be solved using a si multanBous methdfrbt-

the driver/vehicle scheduling, how can. these srcdure s be

applied? Cne could add more constraints so as to satnisfy
the driver scheduling problem but wi.6-1 sti'll lead -to a
reasonable solution? Question in this arera o! driv=er/

vehicle scbeduling can lead into ot.he-r areas for f urt:her

4 re search.

The procedures developed were applied only to two smail1

timetables. The application -to a large-r- timetable and the
resultant sclut..cn should be investigated to get a be tter

4-feel for the values of the wsights for the d iff ere n-t
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factors. The effect of ccnstra-n-ts on how long a vehicle

can preform a schedule shouli b,'e investigate d, along w-Ith

the effect of heteroganeous v-?hic_%es AnI/or multtpl? depot:s.

Beyond the questicns of aeriv ng vehi*cle block-,: s ths

question of concatenat*ng -ths blocks into feasibla and

reasenable vehicle schedules. The procsdures used in t hiLs

study were fairly simple. C caeaigthe vshicle b2.zcks

cculd be approached usin g a sa ving s type approach which

*could i4nterchanga trips from or-;- vehlcle block tc anc-her

veh IclIe Ilcck in crder to :.duce some deas irsd famctor.

Addicnal approaches are as 3any as there ar- pcplz to

d erive them.

C. COMMINTS

As any inrdiv*.dual who has att-empted to sc~.vq a vshiclz

schzeduling cr a A-river scheduing problem can attes-, the:_s
may nct he a common answer as to -ha oe3st soA.o 0:t o

to derivs a reascaabl;- solution. This s-tudy has shcwr.ha

reasonable, Sciuti ons to h Ie v-ehicla scheduling problemn wi-th

intarlining constrain~ts can be bziedus-ng the twc procs-

durss dascri4.bed. TI-e matchin-g-based, p-ocsdu=-i does projucs

better solutions and can givek compirable solutions -o it

schedule -,hat is in exist ence s a mass transi. systlem.

56



LIST OF REFERENCES

1. Bennington, G;1 and Rebibo, K. "Overview cf RT1CUS
Vehicle Schedun P rogram (BLO6KS), in Pr Cur in s:
W o ksho cn Automp-ted Tachniquas for Sche-,1:i-d9-f

!~ces,~*~!~ia nd=3Eo d'T7-9s . T'75.-

2. irenp,&.,ed. Ccmnuter Sched 1,~o Public Tzansror::
Urlar. Passen'4rV'h =7 an C rew -5-S3F 11""T7

3. E~cd,L D., GcldenB, Assad,A. and Ball~t.. M 0'
Stteo te Ar n the RoaIx:ng and Schis1i :.ng o f

Vehicles and Crews" o appear an Corn.2uze- an
great~ns ,Research, 3 une; 1983

4I. pallf,11 0;r 40di L D. _ nd Dial,R. , "A Tmatchlng 2:zz
Haurs;-c :or ichedauliij lIass T=arns& Crewis anrd
V .9h C les" Tra s vo r a:4 __Scjncj, Volum-1 17, No. 1,
19H3

5. Ford, L. 2n Fulke~son,D., Flows i ew~s
PT-i';cqton University Press, Prnce -on, _N
1962

6. "IRider's Guide +0 --he MST System", Publi:shed. by -hiz
mcnterey-Salinas Transit sys--em, effectcive 20
Novembez, 1982.

57



IMIIAL DISTRIBUTIOS LIST

Nc. cpies

1. Defense Tp.,:h-.ical :.nf-.rmat~icn Ceanter 2
Camercr tatzon
Alexandria, Virgin:.a 22314

2. Litrarv, Code -- 0142 Scol2
Naval P stgzid uate chl
mcnzere y, ca. 939.40

3. ; D M.L. 1"i-chell
O6Pa-sc-i CIcl

Marina, Ca 93933

58



71,

I.i

ICA'

e A4

A"1A,-

A, C

I~f~

f
in,~

or4


