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1. P R E F A C E  

This report stems from a request by Mr. Charles Uray, J r . ,  Chief Deputy 

Director ,  Michigan Department of S ta te  Highways & ~ r a n s ~ o r t a t i o n , '  t o  the Michi- 

gan Transportation Research Program f o r  iden t i f i ca t ion  and descript ion of 

models which could be used by the department s t a f f  in estimating small bus 

f l e e t  requirements fo r  fu ture  d ia l  -a-r ide system operat ions.  Upon ident i fy-  

ing these models, i t  became obvious t h a t  there were s ign i f i can t  d i f ferences  

in t h e i r  s t ruc tu re ,  input va r i ab les ,  and general' approaches. I t  a1 so became 
obvious t h a t  they were designed f o r  d i f f e ren t  users (e .g . academic, transpor- 

t a t ion  author i ty  planner, e t c . ,  e t c . ) .  

Rough gross projections of f l e e t  requirements can be made manually by 

using such fac to r s  as population density and area s i z e  t o  be served. How- 
ever ,  i f  more precision in the  estimates i s  desired,  then operational char- 

a c t e r i s t i c s  and levels-of-service,  among other th ings ,  must be taken in to  

account. Therefore, systems must be "designed" a t  l e a s t  on a prel iminary 

bas is .  For t h i s  purpose, the  models reviewed here a r e  d ia l -a- r ide  system 

design model s .  
This paper a l so  addresses the  question of what  would be the  most prac- 

t i c a l  model government planners could use f o r  the development of system de- 

signs and reasonably accurate f l e e t  s i z e  project ions.  

1 .  Let ter  to  Dr. Charles G .  Overberger, Vice President f o r  Research, The 
university of Michigan, A n n  Arbor, ~ i c h i g a n ,  from Mr. Charles Uray, J r . ,  Chief 
Deputy Director ,  Michigan Department of S t a t e  Highways & Transportat ion,  Lansing 
Michigan, December 14, 1977. 



2 .  INTRODUCTION 

Despite the growing i n t e r e s t  in demand-responsive ( d i a l - a - r i d e )  bus systems, 

the debate over optimal design s t ruc tures  f o r  such systems remains la rgely  u n -  

s e t t l e d .  Generally the exis t ing  models rely on a  network problem or a l loca -  

t ion problem formulation of the system dynamic. However, the re  i s  considerable 
variat ion between the models due t o  differeing emphasis on  the  demand, supply, 

or cost modelling frameworks. There are  a lso  enormous d i f ferences  in the prob- 

lem formulation as defined by the  academic or market development researchers 

and  the t ranspor ta t ion  system planners within the local t r a n s i t  a u t h o r i t i e s .  
These differences,  though par t ica l  l y  due t o  variable computer capabi 1 i  t i  es  , are  

a lso  a ref lec t ion  of d i f f e ren t  spat ia l  and sca le  o r i en ta t ions .  The s ta te-of-  

the-ar t  researcher tends t o  concentrate on model s  di-i ven by s tochas t ic  est imati  ons 

of demands, whereas the planner in the local authori ty tends t o  concentrate on 

rule-of-thumb relat ionships between sec tor  divisions and demand r a t e s  a s  a  

function of known res ident ia l  densi ty.  

This analysis  i s  an attempt t o  speak to  the d i spa r i ty  between the modelling 

methodologies in academia and those methods most commonly used by bus system 

planners. The i n i t i a l  question asked in the  paper i s  what kind of problem i s  

a d ia l -a- r ide  system analys is?  The l i t e r a t u r e  review attempts a pa r t i a l  re-  

sponse t o  t h a t  question as well as  a consideration of the various l i n e a r  op-  

t imization techniques used t o  model dial  -a-r ide design. The l  i  t e r a t u r e  c r i t i q u e  

then considers a  simpler a n d  more usable model, again using l i n e a r  techniques, 

which provides a more manageable middle g r o u n d  between the  complicated optimi- 

zation models t h a t  current ly  e x i s t  in academia and the genera1 lack of s imi lar  

techniques in the actual planning environment. 

3. THE NATURE O F  THE DIAL-A-RIDE PROBLEM:  LITERATURE REVIEW 

I n  1976, there were more than s ix ty  demand-responsi ve transportat ion sys- 

tems in the United S ta tes  and ~ a n a d a . '  These systems a r e  designed t o  o f fe r  

the desirable cha rac te r i s t i c s  of automobile o r  taxi t ravel  a t  a  cos t  t h a t  i s  

only s l i g h t l y  higher than conventional bus systems. The systems o f f e r  door-to- 

door service with a  goal of guaranteed wait and r ide  times f o r  the  consumer. 

Dial -a-r ide system designs a re  usually cagegorized in to  four service  types: 

route deviat ion,  many-to-one, many-to-few, and many-to-many. 
2 

1.  Nigel Wilson, "Advanced Dial -a-r ide Algorithms Research Pro jec t s , "  U.S. Dept. 
o f  Transportation, UMTA, March, 1976. p .  59. (This does not include service 
agency provision of se rv ice ) .  

2 .  Michael Dewey, "A primer in Demand Responsive Transportation Service Concepts ," 
Southeastern/Eastern Michigan Transportation Authority , 1977. p .  . 



The route deviation service i s  similar t o  the more conventional large bus 

system, however, vehicles may operate ei ther  on fixed schedules or on telephone 

dispatch. The many-to-few system differs  from the route deviation in tha t  i t  

provides service between many points (neighborhoods) and a sing1 e ac t iv i ty  sec- 

tor  (a shopping area) .  Many-to-few service structure i s  more complex,in that  i t  
provides transportation t o  several act ivi ty  areas and many sectors ,  a l l  on a single 

vehicle tour. This service type requires that the system designer consider more 

complicated tour designs that can remain optimal for  various vehicle dispatch . 

pol ic ies .  The I east  structured system i s  the many-to-many . Here ac t iv i ty  areas 

become the same as' other origins and destinations. In the many-to-imany design 
the best level of service i s  sought such that  the wait time of new demand i s  

minimized without excess inconvenience t o  the passengers a1 ready on the vehicles. 
Various 1 inear optimization techniques apply to  the analysis of dial -a- 

ride system structure.  The consideration of the dial-a-ride system design f i r s t  
poses the question of minimal t r i p  time flows between two specified nodes, or 
linked pairs of nodes, in the network. This would imply tha t  a multi-terminal 
flow problem in which several nodes are  designated as (source-terminus) pairs ,  

3 could be used t o  minimize time flows through the network. Intersector travel 
time estimates and vehicle tour planning could then be determined by coding de- 

mand sectors by arcs and nodes and by assigning average speed estimates to  each 

arc. Shortest path algorithms could be used to  sequence vehicle stops subject 
t o  assignment constraints such as consumer wait time, consumer ride time, and 

the nature of dispatch triggers as measured in time. The traveling salesmen 

problem (~lmaghraby argues that  the problem can also be viewed as a lonqest-path 
4 problem ) also pertains once a travel time matrix has been defined, Dij, between 

every'ordered pair ( i . j ) ,  so that  in a seouence o f n o d e s ( i , ,  i 2 , . . .  , i n ) :  

1 .  a maximum number of nodes u p  t o  an assigned constraint 

appears in the sequence 
2 .  the total  length of the sequence 

i s  minimal. 5 

3. Salah E .  Elmaghraby, "The Theory of Networks and Yanagernent Science", 
Management Science, Vol . 17, No. 1 , September, 1970 .  p .  14. 

4 .   bid. p .  13  

5 .  M .  Bellmore and G.L. Nenhauser, "The Traveling Salesman Problem: A Survey ," 
Operations Research, Vol. 16 .  No. 3,  May-June, 1968. p .  543. 



A 1 i t e r a tu re  search of current dial -a-ride analysis models indicates a 
f a i r l y  consistent usage of the network flow analysis and shortest  path, or 

travel i n g  salesman problem formulation. There are however, interesting d i f -  
ferences among the models. 

In  Apri 1 of 1967 transportati  on researchers a t  Northwestern University 

developed a generalized dial-a-ride system analysis model (BUSTOP) for  service 
to  diffused or igins  and destinations (many-to-many). Network flow analysis was 
n o t  used i n  t h i s  problem formulation due to  the assumption that  the service area 

was a rectangular grid network with constant travel times on each l ink.  . Maximum 
travel time in the model was a l inear  function; 

kn for  nAn '  Max Travel Time = 
T +. en fo r  n >  n ' C 

where 

n = the number of 1 inks between origins and destinations 
n '  = a control parameter constant se t  equal to  10 1 inks 

k = a control parameter constant tha t  equals 1 minute per l ink 
T = a control parameter constant tha t  equals 5 minutes 
e = a control parameter constant tha t  equals one-half minute per l ink 6 

Minimum pick-up time was a constant equal t o  one.lminute. The maximum pick-up 
time guaranteed the passenger a pick-up before six minutes had elapsed. 

vehicle assignment in the model was achieved using the "nearest neighbor" 
principle tha t  i s ,  the vehicle which i s  nearest (by  distance) t o  the origin of 
the call  was the f i r s t  one considered for  service. Passengers were assigned to 

the closest vehicle that  could service them without violating the time constraints 

of any other committed passengers. A new vehicle was generated only i f  there was 
not another vehicle in the system that  could service a c a l l .  When a vehi'cle had 

delivered i t s  l a s t  assigned passenger, i t  would return to  the terminal and then 
become the f i r s t  to be regenerated. 

The BUSTOP demand assignment was no t  optimal. In f a c t ,  n o  attempt was made 

t o  assign a passenger t o  a bus so tha t  the efficiency of the system was maintained 
a t  an optimum. Once a passenger was assigned to a bus no attempt was made to  

reassign, regardless of the actions of the other buses in the system. 

6 .  Kenneth Heathington, Joel Miller, Ronald R .  Knox, Gerald C .  Hoff, a n d  Jeffrey 
Bruggeman, "Computer Simulation of a Demand-Scheduled Bus System Offering Door- 
to-door Service," Highway Research Record, Natl . Research Counci 1 ,  Natl . 
Academy of Science. No. 251 . 1968. p .  30 



The objective of the BUSTOP model was t o  determine the supply and demand 

operating charac te r i s t i c s  of a dial  -a-ride system. Cost considerations were 

n o t  exp l i c i t l y  included in the model, although unit cost data could have been 

calculated based on the system resu l t s .  The model designers fur ther  suggested 

t h a t  a new algorithm be included to  aid in keeping track of routed buses by 

the i r  assignment via shor tes t  paths. Such a model development would enta i l  

the inclusion of a "next-node matrix" that  would be generated th rough  the t r e e  

generations. Entries in the matrix would contain the ident i f ica t ion number 

of the next node through which the vehicle passed on i t s  shor tes t  path t o  the 

next node on the bus l i s t .  

Another important dial  -a-ride system design model i s  project CARS a t  MIT. 

From 1967 t o  1971, the potential fo r  the use of computers in the control of de- 

mand-responsive transportat ion systems was explored by researchers a t  M I T . ~  The 

early work on project CARS was based on a rec t i l inear  grid system. The more re-  

cent work, however, has greatly simplified t h i s  s t ructure  a n d  now uses only a i r -  

l ine  distances between points. The jus t i f i ca t ion  fo r  t h i s  change in the new 

generation Of models i s  t ha t  a specif ic s t r e e t  network i s  not relevant t o  the sen- 

s i t i v i t y  of the fundamental algorithm concepts. 

The original  CARS algorithm was designed t o  minimize to ta l  service time ( fo r  

actual and future passengers) subject t o  fixed constraints  on:  

a )  wait time (constant)  

b )  r ide time ( l i nea r  function of t r i p  length) 

c )  to ta l  service time constraint  ( l i nea r  function of t r i p  length) 

The feas ible  assignments were evaluated using a l inea r  objective function 

measured in time. The objective function that  was used described "consumer 

d i su t i l i t y "  as well as incremental increases in vehicle tour length. The fea- 

s ib le  assignment t ha t  also showed the smallest value fo r  the objective function 

was always selected as "best." If  no feas ible  assignment exis ted ,  infeas ible  

assignments were evaluated by'using the objective function,  and the best assign- 

ment was chosen - t h a t  i s ,  the assignment t ha t  minimized the objective function. 

Any assignment that  did n o t  violate any const ra int  was preferable t o  an assign- 

ment involving a v iola t ion,  independent of the value of the solution when used 

in the objective function. 

7 .  Op. Cit.  Wilson. p.1. 



The modeling pol icy was intended t o  reduce the number of passengers experi- 
encing unreasonably 1 ong service times, and therefore i t  imp1 ied some increase 

in the mean service time. Such an increase in the mean service time necessarily 
reduced the over-all level of service (a measure of the ra t io  of dial -a-ride 
t r ans i t  t o  auto travel time) for the system. Thus i t  appeared in this  formulation 
that assignments that  were superior from the viewpoint of the objective function 

were rejected i f  a constraint was violated. (The hard constraints thus appeared 
to introduce perturbations i n  the service performance and led to decisions that  
tended to underuti 1 ize system resources. ) 

The problem of resource misallocation arose from confl ic ts  in the dual 

goal of optimizing assignment a1 locati  on while creating tours.  As Be1 lmore 

and Nemhauser note in their  survey of analytical work using the traveling 
salesman problem: 

"Let t be any time in which each node i s  vis i ted 

exactly once and xij=O, i f  ( i  , j )  i s  not in the 
tour a n d  x i j= l  i f  ( i  , j )  i s  in the tour.  The x i j  

i s  a feasible solution t o  the assignment problem 
n n 

~ ( t )  =g$Cij X i j  = w.  

Unfortunately th;=hk&se may n o t  be t rue ;  feasible 

solutions to the assignment problem may not be optimal. I ,  8 

A fur ther  d i f f i cu l ty  in finding optimal solutions in the problem design s temed 
from the lack of an algorithm t o  r e s t r i c t  vehicles from serving the whole sys- 
tem. There was no mechanism in the model tha t  limited vehicles t o  a f i n i t e  s e t  
of origins and destination pairs.  

In view of the problems with the first-generation CARS algorithms, the re- 
searchers a t  MIT final ly concluded the "classical optimization solutions to  the 

customer-to-vehicle assignment problem are not feasible.  119 The central problem 
then identified was that  the older algorithms were designed t o  work in extremely 
complex and d i f f i cu l t  environments t h a t  were stochastic in several respects. The 
demands, which were designed to appear randomly in time, were designated t o  origins 
distributed probabilist ically in geographic space. Theoretically, although the 
models could be formulated and solved fo r  small problems, there was no r ea l i s t i c  
size.  

8. M .  Bellmore and G . L .  Nemhauser, "The Travel1 inq Salesman Problem: A Survey," 
Operations Research, Vol. 16, no. 3, p .  541. 

- - 
9. N . H . M .  Wilson. J.M. Susman, B.T. Hisonnet and L . A .  Goodman, "Simulation of 

a computer-aided Routing ~ystem," ~ i ~ h w a ~  Research R e c o r d , ~ a t l .  Research 
Council, Natl . Academy of Sciences, No. 239, 1969. p.  67. 



There was t h u s  a  re-assessment o f  t h e  p r o j e c t  and a  new g e n e r a t i o n  o f  a l g o r i t h m s  

were deve loped u s i n g  a  h e u r i s t i c  r u l e  t o  a s s i g n  t h e  demand t o  any g i v e n  v e h i c l e  

and then  t o  a p p r o p r i a t e l y  i n s e r t  t h e  new o r i g i n s  and d e s t i n a t i o n s  i n  t h e  v e h i c l e ' s  

r o u t e .  

The p r e s e n t  p r o j e c t  CARS a l g o r i t h m s  c o n s i d e r  t h e  c o s t  t o  t h e  u s e r  o f  t h e  

system and t h e  s e r v i c e  t ime  ( w a i t i n g  t i m e  p l u s  t r a v e l  t i m e )  

b y  t h e  u s e r .  The o b j e c t i v e  o f  t h e  second g e n e r a t i o n  CARS a l g o r i t h m  i s  t o  m i n i -  

mize  b o t h  c o n f l i c t i n g  v a r i a b l e s  ( c o n f l i c t i n g  because l o w e r  s e r v i c e  t i m e  neces-  

s i t a t e s  more v e h i c l e s  i n  s e r v i c e  wh ich  imp1 i e s  a  c o s t  i n c r e a s e ) .  The new a l -  

g o r i t h m  t h u s  " o p t i m i z e s "  i n  t h e  two d imens iona l  space o f  c o s t  and t i m e .  

The CARS a l g o r i t h m  a t temp ts  t o  i n s e r t  a  new demand o r i g i n  and d e s t i n a t i o n  

i n  a l l  p o s s i b l e  p o s i t i o n s  i n  a l l  p o s s i b l e  v e h i c l e  t o u r s .  W i t h  each a t t e m p t ,  a  

f u n c t i o n  i s  used t o  measure t h e  d i s r u p t i o n  caused by t h e  i n s e r t i o n  o f  t h e  new 

o r i g i n  and d e s t i n a t i o n  w i t h i n  a  r o u t e .  The o b j e c t i v e  f u n c t i o n  thus  s e l e c t s  

an ass ignment  by c o n s i d e r i n g  t h e  i n c r e m e n t a l  d e g r a d a t i o n  o f  t h e  s e r v i c e  f o r  

a l l  users  as a  f u n c t i o n  o f  t h e  s e r v i c e  parameters  a p p l i c a b l e  t o  any g i v e n  u s e r  

c l a s s .  The o b j e c t i v e  f u n c t i o n  i n  t h i s  model i s :  

n  M i  
M i n i m i z e Z = t  < ( U i j  - U i j )  + U n e w  + EATL 

i j = i  

Where: 

N = number o f  c l a s s e s  o f  passengers 

M i  = number o f  passengers i s  c l a s s  i 

U i j  = A i  WT 2 2 - 2 + BiRT + CiPTD + D ~ D T D ' ~  i s  t h e  d i s u t i l  i t y  b e f o r e  

t h e  t r i a l  assignment o f  passengers a l r e a d y  ass igned  t o  a  t o u r .  

U i  j = d i s u t i l  i t y  a f t e r  t h e  t r i a l  ass ignment  o f  passengers a l r e a d y  ass igned  

t o  a  t o u r  

U new = d i s u t i l  i t y  o f  t h e  new passenger 

W T i j  = w a i t  t i m e  f o r  passenger j i n  c l a s s  i 

R T i j  = r i d e  t i m e  f o r  passenger j i n  c l a s s  i 

PTDi j  = p i c k - u p  t i m e  d e v i a t i o n  f o r  passenger  j i n  c l a s s  i 

DTDi j  = d e l i v e r y  t i m e  f o r  passenger j i n  c l a s s  i 

A.,  Bi , Ci, Di, a r e  c l a s s  s p e c i f i c  w e i g h t i n g  
1 

E = w e i g h t i n g  f a c t o r  f o r  t o u r  l e n g t h  i n c r e a s e  

TL = t o u r  l e n g t h  i n c r e a s e  caused b y  t r i a l  ass ignment .  
10  

10. Op. C i t .  N.H.M. Wi lson,  "Advanced D i a l - a - R i d e  A l g o r i t h m s  Research P r o j e c t " ,  
p. 36-37.  

-6 - 



The function thus sums the  marginal d i s u t i l i t y  due t o  each t r i a l  inse r t ion .  
The sum has three fu r the r  components: the marginal d i s u t i l i t y  t o  a  passenger a l -  

ready on a  tour, the d i s u t i l i t y  of the passenger current ly  being assigned,  and 

the  d i s u t i l  i t y  a t t r i b u t a b l e  t o  the added load on the system resources. The A i  

and B .  r e f l e c t  the trade-off between wait time and travel  time and service  re-  
1 

l i a b i l i t y  ( a b i l i t y  t o  meet guaranteed pick u p  and drop-off times) i s  cont ro l led  

through C i  and Di. 

The in ten t  of the algorithm i s  t o  determine the balance t h a t  must be struck 

between passenger u t i l i t i e s  (good service t o  t h e  customers on the  system) a n d  

system resources. The model can be used t o  evaluate the degree t o  which s e r -  

vice can be controlled through varying the  parameters: 

1 )  number of vehicles in operation 

2 )  area s i ze  ( i n  square miles)  

3)  demand ra te  ( i n  passenger miles per hour) 

4 )  the object ive function parameters. 1 1  

The model can a1 so be expanded t o  consider the many-to-many dia l  -a-r ide dispatch 

service .  

S t i l l  another attempt t o  model the d ia l -a- r ide  system s t r u c t u r e  has been 

carr ied  o u t  by Dr. Tappan Datta a t  Wayne Sta te  University. The Datta e f f o r t  

focused on the cost-effect iveness of various system configurat ions.  The research 

hypothesis guiding. th is  work was " t h a t  a  generalized study approach demonstrating 

a viable system se lec t ion  s t ra tegy of various d i sc re te  system a l t e r n a t i v e s  f o r  

a  wide range of demand was needed f o r  decision-makers t o  optimize system se lec-  

t i o n .  " 1 2  The model' developed by Datta defined system a t t r i  bute functions f o r  

each system in terms of r idership  level s ,  roadway network conf igura t ion ,  pool ing 

pol icy,and service area.  The work was i n i t i a l l y  designed t o  cons ide r  the many- 
to-one service type. Howeverythere were, adaptation options so t h a t  the many-to- 

many service could a lso  be considered. The basic objec t ive  of the research was 

to  evaluate the trade-offs  between a t t r i b u t e  functions and thus t o  determine 

bounds of demand and user c h a r a c t e r i s t i c s .  I t  was hypothesized t h a t  i f  system 

a t t r i b u t e s  .under various demand condit ions were reduced t o  c o s t  functions,  the  

sul t ab i l  i t y  of various system a1 t e rna t ives  could be evaluated.  

1 1 .  IBID, CJilson, p .  48 

12. Ta~oan Datta. "Develo~ment of a  General P u r ~ o s e  Simulation model f o r  Eva1 uation 
and Selection of Optimal Demand Responsive Bus S,ystems", Doctoral Dissertat ion 
Michiaan S t a t e  Universi t v .  1973. P. 52. 



The model i s  i n i t i a t e d  by g e n e r a t i n g  s t r i n g s  o f  c o l l e c t i o n s  and d i s t r i b u -  

t i o n s  f o r  each  s p e c i f i c  a r e a  o f  d i a l - a - r i d e  o p e r a t i o n s , w i t h  no l i m i t  s e t  on  t h e  

s i z e  o f  t h e  a r e a .  A  p o i n t - t o - p o i n t  t r a v e l  d i s t a n c e  m a t r i x  i s  g e n e r a t e d  f r o m  

i n p u t  s e c t o r  s i z e s  and demand r a t e s .  The d i s t a n c e  m a t r i x  i s  c o n v e r t e d  t o  a  

t r a v e l  t i m e  m a t r i x  f o r  a  g i v e n  speed. The model examines t h e  demand 1  i s t  o f  

each  s e c t o r  a t  a  s p e c i f i e d  i n t e r v a l  o f  t i m e  and t e s t s  t h e  maximum headway con-  

s t r a i n t  and  d i s p a t c h  l o g i c .  I f  t h e  d i s p a t c h  t r i g g e r s  a r e  n o t  s a t i s f i e d  t h e  

model  moves t o  t h e  n e x t  i n c r e m e n t  o f  t i m e  and t e s t s  a g a i n .  T h i s  o p e r a t i o n  i s  

done c o n c u r r e n t l y  i n  a l l  s e c t o r s .  When a  d i s p a t c h  c r i t e r i o n  i s  s a t i s f i e d ,  a  

bus i s  d i s p a t c h e d .  The d i s t r i b u t i o n  s u b - r o u t i n e  produces' t h e  " b e s t  t o u r  en 

r o u t e  t o  m i n i m i z e  passenger  t r a v e l  t i m e  o f  t h e  s t r i n g  o f  e x e c u t a b l e  denlands. 111 3 

The s t a t i s t i c s  p roduced  i n c l u d e  w a i t  t i m e ,  r i d e  t i m e ,  number o f  v e h i c l e s  r e -  

qu i r ed ,and  v e h i c l e  p r o d u c t i v i t y  (number o f  passengers  c a r r i e d  p e r  v e h i c l e ) .  

The s i m p l i f y i n g  assump t i on  i s  t h e n  p r e s e n t e d  t h a t  i f  denland f o r  s e r v i c e  and 

o p e r a t i n g  c o s t s  a r e  a1 1  i n e l a s t i c ,  t h e  model o u t p u t  c o u l d  be c o n s i d e r e d  as a  p r o -  

d u c t i o n  f u n c t i o n .  Such a  p r o d u c t i o n  f u n c t i o n  when used as t h e  c o n s t r a i n t  on  

a  s i m p l e  1  i n e a r  s o c i a l  w e l f a r e  f u n c t i o n  o f  t h e  f o r m  " U .  = f ( s y s t e m  pe r f o rmance ,  
J 

p l a n n i n g  p o l  i ~ i e s ) " " ~ c o u l  d  h y p o t h e t i c a l  l y  be used t o  max in i i ze  we1 f a r e .  

O t h e r  models  t h a t  a r e  b e g i n n i n g  t o  appear  i n  t h e  d i a l - a - r i d e  1  i t e r a t u r e  

t e n d  t o  d e v o t e  l e s s  t i m e  t o  t h e  a c t u a l  sys tem i n t e r a c t i o n  and more  t i m e  e s t i -  

m a t i n g  d i  sagg rega ted  consumer p r e f e r e n c e s  f o r  use  i n  t h e  o b j e c t i v e  f u n c t i o n s  

c i t e d  i n  t h e  p r e c e d i n g  mode ls .  Such mode ls  seek t o  i d e n t i f y  t h e  s o c i o  economic ,  

demograph ic ,  and a t t i  t u d i n a l  pa rame te r s  t h a t  a f f e c t  t h e  usage l e v e l  o f  d i a l  - 
a - r i d e  systems.  
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13. I b i d  p.62 

14.  W i l l i a m  C .  T a y l o r  and  Tappan D a t t a ,  "Techn iques  f o r  S e l e c t i n g  O p e r a t i n g  
C h a r a c t e r i s t i c s  of  Demand A c t u a t e d  Bus Systems ," T r a n s p o r t a t i o n  Research  
Board, S .  R. , No. 147,  1974. p .  65. 

15 .  B e r t  A r r i l  l a g a  and Doug las  M e d v i l  le,"Demand, Supp ly ,  and  Cos t  Model 1 i n g  
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4 .  CONCLUSIONS XONCERNlNG STATE -OF-THE-ART 

I t  would appear t h a t  the following conclusions could e a s i l y  be drawn 

from the l i t e r a t u r e  j u s t  c i t e d .  The limited s e n s i t i v i t y  analys is  attempted 

in current  d ia l  -a-r ide models indicates a s e n s i t i v i t y  of system performance 

t o  waiting time, t r i p  time, and l ink  travel  time. I t  appears t h a t  s tochas t i c  
modeling of d ia l -a- r ide  systems leads t o  suboptimal use of vehicle resources 

due t o  the  trade-offs  between optimal assignment and optimal tour  formation. 

Final ly there  i s  some indicat ion t h a t  a heur i s t i c  t ravel ing  salesman algorithm 

will  work f o r  routing in most of the models. 

5. PLANNING IN THE TRANSIT AUTHORITY: N E E D  OF A MIDDLE G R O U N D  

The model ing e f f o r t  in academia i s  often in s t a rk  con t ras t  t o  the d i a l -  

a-r ide system design ac tual ly  used by the  t r a n s i t  au thor i ty .  Tours a r e  

usually developed from the experience gained from the operation o f  the la rge  

l i n e  haul bus systems. I n  the real  world of the t r a n s i t  au thor i ty  i t  appears 

t h a t  decisions concerning sec tor  s i z e  and network design a r e  made using e s t i -  
mates of demand based on known housing densi ty.  One might hypothesize f o r  in-  

stance t h a t  with the  typical res ident ia l  dens i t i e s  of 1,500 households per square 

mile,  the demand densi ty would probably be on the order of 20-60 demands per 

hour, which would imply .05-.10 round t r i p s  per household per eight-hour day. 

A fur ther  ru le  of t h u m b  frequently used i s  t h a t  sec to r  tour time general ly 

equals the time necessary t o  complete the perimeter, of a  given zone. Other . 

system design guide1 ines apar t  from the previously reviewed 1 i  t e ra tu re  include 

such notions a s ,  

"Zones may be small o r  l a rge , .  . . . b u t  should include 

enough potential  r ide r s  t o  keep a t  l e a s t  one vehicle 

busy. A typical  zone will be serviced by 1 - 5 vehic les ,  

and range i n  s i z e  from one square mile f o r  a  high-demand 

feeder service t o  tens of square miles in rural  a reas .  . . . . 
Zones should l i e  on one side o r  the  o ther  of main l i n e  

routes r a the r  than s t r add le  them ... Transfer points  should 

be a t  the corners of zones neares t  the  major des t ina t ion  

served by the main 1 ine route.  111 6 

16. Op. Ci t .  Dewey. p .  2-3. 



Optimization in t h i s  local planning environment comes slowly on a learn-  

ing curve of route adjustments t o  perceived demand needs. The i n i t i a l  planning 

in a large scale system i s  considered t o  be only tenta t ive 'and i s  subject  t o  

adjustment and re-adjustment as the real nature of denland pat terns reveal them- 

selves t h r o u g h  r idership counts. 
I t  would thus appear t h a t  there i s  a need fo r  planning tools  which use a 

heur is t ic  form of the optimization algorithms b u t  are more generally usable. 

There i s  a need f o r  a methodology tha t  i s  eas ie r  t o  use, requires l e s s  data a n d  

l e s s  computer time, and ye t  provides gross es'timates t o  central  questions 

in the d ia l -a- r ide  design proces. A model i s  needed tha t  could deter-  

mine the level of service t h a t  might be provided to  various designated service 

areas a t  d i f f e ren t  demand dens i t ies .  Such a model would provide necessary plann- 

ing information in response t o  questions such as: i f  a d ia l -a- r ide  system i s  
t o  be implemented t o  serve some given number of passengers per hour, with policy 

determined demand queues, sector  s izes  ,and travel  speeds, then how many vehicles 

will  be required and what will be the average passenger t ravel  times? If  such 

information were forthcoming ,cos t  information could be calculated from the es- 

timated service cha rac te r i s t i c s .  Such a model would be 1 inear  in form, as a re  

most of the  "s ta te-of- the-ar t"  models, and i t  would include an optimum heur i s t i c  

that, would seek to  minimize overall mean passenger time by a proper a l locat ion  

of the avai lable  f l e e t  among the designated zones. 

1 Mean Value Model 

A proposed middle ground dial -a-ride system design model i s  the mean value 

model recently adapted fo r  in terac t ive  use on the Michigan Terminal Sysiern, 
The model was i n i t i a l l y  developed in the ear ly  1970's by Mr. J .  R .  Mumford and 

Mr. F.  J .  Mason in the Transportation Analysis Department, Ford Motor Company. 

The mean value model i s  a second-generation response t o  a previous generation 

of s tochast ic  models t h a t  used network flow algorithms and the  traveling 

salesman a1 gori t h m  t o  determine optimal service cha rac te r i s t i c s  of dial -a-ride 

system design. As Mumford and Mason suggest,  the  "fundamental concept of t h i s  

model was the ' e l  imination of a l l  randomness from the problem.. . . 
a l l  random variables are replaced by t h e i r  expected values. " 1 7  The demand 

ra tes  fo r  the system design are  assumed t o  be constant a n d  the  vehicles a re  assumed 

t o  be dispatched by a constant queue t r igger  ( s e t  by the a n a l y s t ) ,  on constant 

headways (time in tervals  between vehic les) .  Tour times a re  a1 so constant,  with 

17. F . J .  Mason and J .R.  Mumford, "Computer Models f o r  Designing Dial-a-Ride 
Systems ," SAE Automotive Engineering Congress, Det ro i t ,  1972, p .  8. 



va lues  dependent on the  mean number o f  d i s t r i b u t i o n s  and c o l l e c t i o n  passengers 

c a r r i e d  and on t h e  geometry o f  t h e  s e c t o r  s i z e s .  

The c e n t r a l  concept  of t h e  mean va lue  model i s  t h e  v e h i c l e  t o u r .  The t o u r  

i s  a  s e r i e s  o f  v e h i c l e  t r a v e l  pa ths  t h a t  must  beg in  and end i n  an a c t i v i t y  cen- 

t e r  ( A C )  , though n o t  n e c e s s a r i l y  t h e  same AC. The t o u r  des ign  i s  a l s o  a  1  i m i t i n g  

f e a t u r e  o f  t h e  model, f o r  a l t h o u g h  up t o  f i f t e e n  s e c t o r s  can be ana lysed sequen- 

t i a l l y ,  t h e  s e c t o r s  must a l l  be 1  i nked  t o  t h e  same a c t i v i t y  c e n t e r  (AC). T h i s  

s t r u c t u r a l  1 i m i t a t i o n  may p r e v e n t  t h e  a n a l y s i s  o f  complex systems w i t h  mu1 t i p 1  e  

a c t i v i t y  c e n t e r  d i s p a t c h e s ;  however, t h e  des ign  i s  n o t  v e r y  d i f f e r e n t  f r o m  t h e  

a c t u a l  d i s p a t c h  of d i a l  - a - r i d e  s e r v i c e  

V e h i c l e  t o u r s  a r e  compos i t ions  o f  s e t s  o f  sub tou rs .  There a r e  t h r e e  p o s s i b l e  

types  o f  sub tou rs  i n  t h e  model : 

1 )  Tours s e r v i n g  an a c t i v i t y  c e n t e r ,  T h i s  t o u r  t y p e  c o n s i s t s  o f  

t r a v e l  f r om t h e  p r e v i o u s  sub tou r  o r  t o u r  t o  an AC where t h e r e  

i s  an o f f - l o a d i n g  and on - load ing  o f  passengers.  

F IGURE 1  a.  s e r v i n g  AC1 
b. s e r v i n g  S ( t y p e  ' 2  

c .  s e r v i n g  AC2 

d. s e r v i n g  S  ( t y p e  2 

e .  s e r v i n g  AC1 

2 )  Tours s e r v i n g  s e c t o r  Si and m a i n t a i n i n g  t o u r  d i r e c t i o n .  T h i s  

second s u b t o u r  t y p e  d e f i n e s  a  t r a v e l  p a t t e r n  f ro in  t h e  p r e v i o u s  

s u b t o u r  t o  s e c t o r s  Si f o l l o w e d  by  t h e  c o n c u r r e n t  d r o p - o f f  and 

c o l l e c t i o n  o f  r i d e r s  w i t h i n  Si. The assumed p o s i t i o n  o f  t h e  

n e x t  s u b t o u r  o f  t h i s  t o u r  l eads  t h e  v e h i c l e  t o  l e a v e  Si from t h e  

p o i n t  o p p o s i t e  f r o m  i t s  e n t r y  i n t o  Si. The p a t h  o f  t h e  v e h i c l e  

w i t h i n  Si keeps t h e  i n i t i a l  d i r e c t i o n  o f  t h e  v e h i c l e  t o u r .  

I a.  s e r v i n g  AC1 
s e r v i n g  

s e r v i n g  

s e r v i n g  

s e r v i n g  

s e r v i n g  

s e r v i n g  



3)  Sours serving sector S i  and reversing tour d i rec t ion .  The 

th i rd  tour type begins with travel from a previous subtour t o  

sector  S i .  The vehicle enters  Si a n d  then proceeds t o  drop off  

a l l  passengers destined for  Si and then picks-up a l l  the passengers 

originat ing within Si .  The vehicle leaves Si a t  or  near the  original  

entry point 

FIGURE 3 

a .  serving AC1 

b .  serving S1 ( type 3) 

c .  serving ACI 

The above-defined subtours may be combined as needed by the analyst .  The res-  
t r i c t i o n  i s  t h a t  a l l  vehicle tours must begin and end with a type 1 subtour - 
tha t  i s ,  in an A C .  A mean headway Hi (time between tour s tops)  i s  a1 so assigned 

to  each tour i ,  thereby determining the level of service f o r  tha t  tour .  
-- - - . - - - - 

5.2 Model Flow and Data Inputs - 

Four basic data categories are  prompted by the  mean value model yro--. 

gram: service sector  da ta ,  ac t iv i ty  center da ta ,  vehicle tour and subtour 

descript ions,  and demand queues. The flow of the model i s  shown in Figure 4 ,  

which indicates the various data input and calculat ion components. The chart  

indicates the four major data inputs t h a t  a re  read and then checked f o r  balanced 

headways. If the headway t e s t  shows t h a t  the headways in and out of AC's a re  

out of balance, the analyst can reenter "new tour headways." The service char- 

a c t e r i s t i c s  a re  then computed again with optional parameter changes i f  the 

design resu l t  does not appear desirable.  The possible redefini t ion of service 

inputs allows the analyst t o  carry out s e n s i t i v i t y  analyses on various differences 

within the same system deisgn. Cost information may be calculated from the model 

r e su l t s .  However, those calculat ions are  not a  pa r t  of the model design. 

The mean value model as  designed by Mason and Mumford describes the  three 
.-. - .  . --- - 



F I G U R E  4 
-. .- 



subtour types as a  ser ies  of events.  The occurrence of each event i s  calculated 

t o  be r e l a t i v e  t o  the preceding event and i s  expressed as a  function of the 

supply and demand variables and the sector  parameters. The key ca lcula t ion  

in the model i s  tha t  of the event times fo r  each subtour. The form of the  model 

seeks t o  minimize vehicle time,which i s  defined as a  function of on-and-off 

boarding time (dwell t imes) ,  an acceleration constant,  and an hypothesized sec tor  

division as cal ibrated with the  previously determined travel  1 ing salesman f o r -  

mulation in the f i r s t -genera t ion  models. 

6. CONCLUSIONS 

Although the mean value model provides only expected values of d ia l - a - r ide  

service ,  s e n s i t i v i t y  analyses of the model parameters indicate tha t  the  model 

gives qui te  accurate indicat ions about policy trade-offs  among dia l -a- r ide  s e r -  

vice cha rac te r i s t i c s .  The model provides good guide1 ine information a b o u t  the  

e f fec t s  of policy-determined service sec tor  cha rac te r i s t i c s .  From the  service  

sec tor  cha rac te r i s t i c s ,  productivity and level of service measures can be derived, 

so tha t  the  system design could be f rans la ted  in to  cost  and supply terms. 

The mean value modzl thus o f fe r s  a  viable a l t e rna t ive  to  the cos t ly  s to -  

chas t ic  models. In i t s  current  form the model costs  approximately z.30 per 
run and requires simply formatted input da ta .  The model appears pa r t i cu la r ly  ' 

well sui ted t o  use by t r a n s i t  planning au thor i t i e s  where l imited computer f a c i l -  

i t i e s  and lack of highly specialized personnel make a complex model1 ing pro- 

cedure impractical.  
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