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A b stra c t

A R E A L -T IM E  ADVISORY SIGN CONTROL SYSTEM  

FOR URBAN HIGHWAYS

A r e a l - t im e  com p u ter co n tro lled  a d v iso r y  sp eed  s ig n  sy s te m  

i s  p ro p o sed  in  o rd er  to  im p ro v e  th e le v e l  o f co m fo r t and sa fe ty  on an 

urban e x p r e ssw a y  at h igh tr a ff ic  v o lu m e s . B y tr a n sm ittin g  advance  

w arn in gs o f im pend ing slow d ow n s the sy s te m  a ttem p ts to  p rev en t sudden  

sharp  d e c e le r a t io n s  ca u sed  by the am p lify in g  e ffe c t  o f ca r -fo llo w in g .

The co n tro l s y s te m  output c o n s is t s  of com m and se tt in g s  for  the a d v iso r y  

s ig n s  lo ca ted  along th e h ighw ay a t in te r v a ls  o f  o n e-ten th  m ile .  Roadbed  

d e te c to r s  con tin u a lly  m on ito r  and tr a n sm it  sp eed  and d en sity  data to  the  

o n -lin e  com p u ter . The p r o c e s s in g  o f th is  in fo rm a tio n  in  a cco rd a n ce  w ith  

a co n tro l a lg o r ith m  r e s u lt s  in  com m and se tt in g s  fo r  the a d v iso r y  sp eed  

s ig n s .

F or  p r a c t ic a l r e a so n s  th e s ig n  s e tt in g s  a r e  r e s tr ic te d  to  th e  

u su a l 5 m i/h r  in c r e m e n ts  and a p a r tic u la r  s ig n  i s  s e t  only if  a s ig n if ic a n t  

r e sp o n se  i s  n e c e s s ita te d  thus in su r in g  the h ig h e st  p o s s ib le  co m p lia n ce . 

The e f fe c t  of p a r t ia l co m p lia n c e  i s  in v e s t ig a te d  by vary ing  the p erce n ta g e  

o f d r iv e r s  that h eed  the a d v iso r y  s ig n  se t t in g s .

The s ig n  co n tro l a lg o r ith m  i s  fa sh io n ed  to  m in im iz e  the to ta l 

a v e r a g e  a c c e le r a t io n  n o is e  for  a l l  v e h ic le s .  B a sed  on a ca lcu lu s  o f  

v a r ia tio n s  so lu tio n  to  a s im p lif ie d  h ighw ay s itu a tio n  a d e s ir e d  a v era g e

x



d e c e le r a tio n  is  d e term in e d  for  v e h ic le s  on ea ch  o n e-ten th  m ile  se c tio n  

of h ighw ay u p stre a m  of th e d istu rb a n c e . The d e s ir e d  d e c e le r a t io n  i s  

e x p r e s se d  in  te r m s  o f  the m ea su red  se c t io n  sp e e d s  and d e n s it ie s .  Sign  

se tt in g s  a r e  ch o sen  so  that the p r e d ic te d  a v e r a g e  v e h ic le  d e c e le r a t io n  on 

each  s e c t io n  eq u a ls the d e s ir e d  d e c e le r a t io n . The p red ic te d  a v era g e  

d e c e le r a tio n  is  d e r iv e d  fro m  an a ssu m e d  s ig n -fo llo w in g  law  as a function  

of a c a r 's  sp eed  w hen en ter in g  the s e c t io n  and th e sp eed  se ttin g  o f the  

a d v iso ry  s ig n  lo c a te d  at the n ex t s e c t io n  boundary.

An e la b o r a te  com p u ter s im u la tio n  w hich  in c o r p o r a te s  the  

d e te c to r s , s ig n s , s ig n  co n tro l a lg o r ith m , and th e  v e h ic le s  a s  th ey  

resp on d  to  o th er  c a r s  and a d v iso ry  s ig n s  i s  d ev e lo p ed . F lo w  d is tu r ­

b a n ces a r e  p ro g ra m m ed  in  o rd er  to t e s t  th e  e f fe c t iv e n e s s  o f th e s ig n  

co n tro l a lg o r ith m . The s ig n if ic a n t red u ctio n  in  a c c e le r a t io n  n o is e , even  

for p a r tia l co m p lia n c e , in d ic a te s  that m ean in g fu l im p ro v em e n ts  in  sa fe ty  

and co m fo rt can b e  a ch iev ed  by a d v iso ry  s ig n  co n tro l.



CHAPTER 1

INTRODUCTION

In re c e n t y e a rs  the  h ighw ays in  and around m etropo litan  a re a s  have 

becom e in c re a s in g ly  s u b je c t to  c o n g e s tio n . In the  v ic in ity  of u rban  a re a s  

i t  i s  n e ith e r fe a s ib le  nor d e s ira b le  to  e lim in a te  co n g es tio n  by co n stru c tio n  

of ad d itio n a l h ig h w ay s. The c o s t  of r ig h ts -o f -w a y  and the  so c ia l  im pact 

of d isp la c in g  la rg e  num bers of people a re  p ro h ib itiv e . Yet the  p en a lty  in  

term s of in c re a se d  trav e l t im e s , fraz z led  n e rv e s , and h igher a c c id e n t ra te s  

th a t a re  c h a ra c te r is t ic  of co n g es ted  tra ff ic  m andates a so lu tio n .

To th is  end co n sid e ra b le  sum s of money have b een  sp en t to  sp o n so r 

th e o re tic a l and experim en ta l s tu d ie s  of the  v a rio u s  a s p e c ts  of tra ff ic  flow . 

This re se a rc h  h a s  re su lte d  in  a b e tte r  u n d ers tan d in g  o f the  dynam ics of 

tra ff ic  flow and in  many c a s e s  h as  le d  to  im p lem enta tion  o f su rv e illa n ce  

and contro l sy s te m s  th a t have im proved the  q u a lity  o f f lo w .

As of the  beg inn ing  of 1970, s ev e n te en  of the  S ta te s  and W ash in g to n , 

D . C . , have im plem ented some form of freew ay  su rv e illa n c e  and contro l 

sy stem * . N ine of the te n  m ost populous s ta te s  a re  in  th is  ca teg o ry .

The b a s ic  g o a ls  of th e se  sy s te m s  a re  (1) to  p rev en t c o n g e s tio n ,

(2) to  com m unicate a lte rn a tiv e  ro u te  and  sp eed  in form ation  to  m o to r is ts ,

(3) to  provide ra p id  d e te c tio n  of a c c id e n ts ,  and  (4) to  provide s e rv ic e  to  

s tran d ed  m o to ris ts .
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A side from a c c id e n ts  and d is a b le d  v e h ic le s ,  the  m ost sev e re  d is ­

ru p tio n s  to  e x p re ssw ay  flow  occur b e c a u se  the  dem and is  g re a te r  th an  th e  

c a p a c ity . T h u s, q u ite  ap p ro p ria te ly , a ttem p ts  to  p rev en t c o n g es tio n  in  

tu n n e ls  and on ex p ressw ay s  have co n cen tra ted  on lim iting  th e  ra te  a t 

w hich  v e h ic le s  en te r a s e c tio n  of roadw ay so  a s  to  keep  th e  flow ra te  

dow nstream  from an  en tran ce  le s s  th an  th e  s e c t io n 's  c a p a c ity .

In it ia l e ffo rts  to  con tro l tra ff ic  u tiliz in g  bo th  a th e o re tic a l and

2 3 4experim en tal approach  w ere made by Edie and  Foote 1 * of the  Port of 

New York A uthority . They a ttem p ted  to  in c re a se  th e  flow in  th e  L incoln  

Tunnel by re s tr ic tin g  the v e h ic le  in p u t r a t e ,  on a tw o m inute b a s i s ,  to  be 

l e s s  th an  th e  c ap a c ity  of the  tunnel b o ttle n e c k . The tu nne l co n tro ls  have 

in c re a se d  in  so p h is tic a tio n  over th e  y e a r s ,  p ro g ressin g  from m anual to
5

d ig ita l com puter contro l . Their sy stem  h as  ach iev ed  an  in c re a s e  in  flow 

of b e tw een  five  and te n  p e rcen t and  h as  d ram a tica lly  red u ced  autom otive 

e x h a u s t em iss io n s  and s to p p ag es  in s id e  th e  tu n n e l.
g

Entrance ramp c o n tro l, in  one of i ts  sev e ra l forms , i s  cu rren tly

the  m ost e ffe c tiv e  m ethod o f p reventing  co n g es tio n  on urban  e x p re ssw a y s .

In i t s  s im p le s t form i t  c o n s is ts  of c lo s in g  s e le c te d  en tra n ce  ram ps during

peak  h o u rs . The ram p m etering m ethod u ti l iz e s  a tra ff ic  s ig n a l l ig h t a t  th e

en tran ce  ram p to  contro l the  in g re s s  of v e h ic le s .  The in p u t ra te  is  e ith e r

determ ined  a  priori b a se d  on h is to r ic a l d a ta  or com puted in  re a l- tim e  from

tra ff ic  m easu rem en ts. A more so p h is tic a te d  v e rs io n  of ram p m etering  in -

7 8 9co rp o ra te s  gap  a cc e p tan c e  m erging '  '  w h ich  m inim izes d is tu rb a n c e s  in
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th e v ic in ity  o f  en tra n ce  ram p s by r e le a s in g  v e h ic le s  on ly  w hen su ff i­

c ie n tly  la r g e  gaps in the tr a ff ic  s tr e a m  a r e  a v a ila b le . P a c e r  m erg in g  

co n tro l s y s te m s  c o n s is t  of a seq u en ce  o f lig h ts  that d isp la y  a m ovin g  

g r e e n  s ig n a l to a s s i s t  v e h ic le s  in  m erg in g  into a v a ila b le  g a p s.

The m a jo r  freew a y  s u r v e il la n c e  and co n tro l p r o je c ts  have b een  

im p lem en ted  on the fo llow in g  h igh w ays:

(1) E isen h ow er E x p r e s s w a y ^  fo r m e r ly  th e C o n g ress

S tree t E x p ressw a y  (C h icago , I llin o is )

6 13(2) G ulf F reew a y  ’ (H ouston , T exas)

14 15(3) John C. L odge F re ew a y  ’ (D e tr o it , M ichigan)

T h ese  th r e e  co n tro l p r o je c ts  have each  b een  s u c c e s s fu l  in  im p ro v in g  

the le v e l  o f s e r v ic e  o f the h ighw ay.

C urren tly  the on ly  d yn am ic tr a f f ic -r e s p o n s iv e  m ethod  being  

em p loyed  to  reg u la te  the flow  on h ea v ily  tr a v e le d  e x p r e ssw a y s  is  en tran ce  

ram p m e te r in g . H ow ever en tra n ce  ram p m eter in g  i s  l im ite d  in  that it  

e x e r ts  no co n tro l o v er  v e h ic le s  a lrea d y  on the roadw ay. Under d en se  

tr a ff ic  con d ition s it  i s  a ll  too  w e ll  known that the u n p red ic ta b le  r e sp o n se  

of an in a tten tiv e  d r iv e r  can in it ia te  a sh ock  w ave that c a u s e s  u p stre a m  

tr a ff ic  to  sh a rp ly  d e c e le r a te  or co m e to  a p ro lon ged  s ta n d s t il l . Such an 

o c c u r r e n c e , w hich  cannot be su b sta n tia lly  m itig a ted  by ram p co n tro l, 

p ro d u ces s e v e r e  s tr a in  and d isc o m fo r t  am ong d r iv e r s  and in c r e a s e s  the  

p ro b a b ility  o f  an a cc id en t.

The p o ten tia l in s ta b ility  o f  d en se  h ighw ay tr a ff ic  i s  due in  p art to 

the d r iv e r  re a c tio n  t im e . A sy s te m  that tr a n sm its  advance w arning of
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im pending d e c e le ra tio n s  w ould be a s ta b il iz in g  in flu en ce  and would su b ­

s ta n tia lly  red u ce  re a r -e n d  a c c id e n ts . The e ffe c t of adv an ce  w arning on 

a c c id e n t ra te  h as  b een  dem o n stra ted  by a p ro jec t on In te rs ta te  H ighway 

No. 5 in  P o rtlan d , O regon. There a tra ff ic  a c tu a te d  "PREPARE TO STOP" 

s ig n  is  u sed  on the  ap p ro ach  to  a draw bridge to  w arn m o to rists  (who a re

trav e lin g  a t  70 m i/hr) o f w hen a long  queue of s to p p ed  v e h ic le s  is  ahe; i .

1 6G alv an ic  sk in  re f le x  s tu d ie s  co nducted  by the  Bureau o f P ub lic  Roads

have show n th a t d riv e r te n s io n , and  therefo re  d isco m fo rt, d e c re a se s  a s

p re d ic tab ility  o f in te rfe re n c e s  in c re a s e s .  M ich ae ls  and Solomon te s te d  a

17v e h ic le  m ounted s ig n a l sy stem  th a t provided adv an ce  inform ation  on the  

m agnitude of an  a c c e le ra tio n  or d e c e le ra tio n . They found th a t c a r-fo llo w ­

ing behav io r w as s ig n if ic a n tly  a ffe c ted  w ith  th is  sy s te m . A d riv e r 's  

headw ay ex h ib ited  l e s s  v a r ia b il i ty .

In th is  re s e a rc h  a p a rtic u la r  sy stem  cap ab le  of dam pening flow  

d is tu rb a n ce s  by tran sm ittin g  to  d riv e rs  advance  w arning of im pending 

slow dow ns i s  proposed  and  in v e s t ig a te d . The p ro jec t h as  b een  m otivated  

by th e  b e lie f  th a t a p roperly  d e s ig n e d  advance  w arning sy stem  w ill im prove 

the  d r iv e r 's  le v e l o f com fort and  red u ce  the  num ber of h ighw ay a c c id e n ts .

The type o f adv an ce  w arn ing  sy stem  th a t h as  been  in v e s tig a te d  in  

th is  re s e a rc h  is  a re a l- tim e  com puter co n tro lled  ad v iso ry  sp eed  s ig n  

sy s te m . The con tro l sy stem  o u tpu t c o n s is ts  o f command s e tt in g s  for the 

ad v iso ry  s ig n s  lo c a ted  a long  the  h ighw ay a t  in te rv a ls  of o n e - te n th  m ile . 

Roadbed d e te c to rs  co n tin u a lly  m onitor and tran sm it sp eed  and d e n s ity  d a ta
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to  an  o n -lin e  com puter. The p ro c e ss in g  of th is  inform ation  in  acco rd an ce  

w ith  a con tro l a lgorithm  re s u lts  in  command s e tt in g s  for th e  ad v iso ry  sp eed  

s ig n s . For p ra c tic a l re a so n s  the  s ig n  s e tt in g s  a re  re s tr ic te d  to  5 m i/h r 

in c rem en ts  and the  ra te  a t  w h ich  s ig n s  a re  changed  is  su ch  th a t a d river 

i s  no t p re sen ted  w ith  a rap id ly  vary ing  seq u en ce  of s ig n  s e t t in g s . In 

a d d itio n , a  p a rtic u la r  s ig n  i s  s e t  only if  a s ig n if ic a n t re sp o n se  i s  n e c e s ­

s ita te d  th u s  en su rin g  th e  h ig h e s t p o ss ib le  co m pliance . C om pliance w ill be 

fu rther im proved b e c a u se  any  d riv e r who slow s down in  re sp o n se  to  a  s ig n

fo rces  the  fo llow ing d riv e rs  to  d e c e le ra te .

18S ince i t  h a s  b een  show n th a t a q u a n tita tiv e  m easure  o f d river 

com fort and  sa fe ty  is  the  a c c e le ra tio n  n o is e ,

O z  = ^  Jq  Ca( t ) ]2 dt

the  s ig n  con tro l algorithm  is  fa sh io n ed  to  m inim ize the  to ta l av erag e  

a c c e le ra tio n  n o ise  for a ll  v e h ic le s . B ased on a  c a lc u lu s  o f v a ria tio n s  

so lu tio n  to  a  s im p lified  highw ay s i tu a tio n , a d e s ire d  av erag e  d e c e le ra tio n  

is  de term ined  for v e h ic le s  on e a c h  o n e - te n th  m ile s e c tio n  of h ighw ay up­

stream  of the  slow dow n. The d e s ired  d e c e le ra tio n  is  e x p re sse d  in  term s of 

the  m easured  s e c tio n  sp ee d s  and  d e n s i t i e s . Sign s e tt in g s  a re  c h o se n  so  th a t 

the  p red ic ted  av erag e  v e h ic le  d e c e le ra tio n  on e ac h  s e c tio n  e q u a ls  the  d e s ired  

d e c e le ra tio n . The p red ic ted  av erag e  d e c e le ra tio n  is  de riv ed  from an  assu m ed  

s ig n -fo llo w in g  law  a s  a function  o f a c a r 's  sp ee d  w hen en te rin g  the  se c tio n  

and a ls o  th e  sp eed  se tt in g  of the  ad v iso ry  s ig n  lo c a ted  a t  the  n ex t s e c tio n  

bo u n d ary .



An e la b o ra te  com puter s im u la tio n  w h ich  in c o rp o ra te s  the  d e te c to r s , 

s ig n s ,  the  s ig n  con tro l a lgo rithm , and the v e h ic le s  a s  th ey  resp o n d  to  

o ther c a rs  and ad v iso ry  s ig n s  h as  b een  developed  and i s  p resen ted  in  

C hap ter 3 . Flow d is tu rb a n ce s  have b een  program m ed, and  th e  s im u la tio n  

run both  w ith  and w ith o u t s ig n  control in  order to  t e s t  th e  e ffe c t iv e n e s s  of 

the s ig n  con tro l a lgorithm  in  reducing  d riv e r a c c e le ra tio n  n o is e .

The ad v iso ry  sp eed  s ig n  co ncep t for ex p re ssw ay s  b e a rs  an
19,24-27

analogy  to  the  tra ff ic  s ig n a l funnel sy stem  . The s ig n a l funnel c o n s is ts  

of a  seq u en ce  of ch an g eab le  sp eed  s ig n s  in  advance  of a  s ig n a liz e d  in te r ­

s e c tio n  or c ro s s in g . W hen th e  tra ff ic  s ig n a l tu rns red  th e  upstream  s ig n s  

a d v ise  m o to ris ts  to  d e c re a se  th e ir  s p e e d , th u s  de lay in g  th e ir  a rriv a l a t  the  

in te rs e c tio n  u n til the  lig h t tu rn s  g reen . The purpose o f th e  s ig n a l funnel 

i s  to  p rev en t d e la y s  due to  poor s ta r tin g  perform ance of a  long  queue a t  the  

s ig n a l lig h t. S ubsid iary  b e n e fits  are  sm oother v e lo c ity  p ro file s  and hence  

g re a te r  m o to rist com fort.

The co n cep t of a rem otely  con tro lled  sp eed  s ig n  on h ighw ays i s  not

in n o v a tiv e . S everal f a c i l i t ie s  have su ch  s ig n s  th a t a re  u se d  to  change the

p o s ted  sp eed  lim it w hen w eath er co n d itio n s  w a rran t. H ow ever, a sy stem

of ad v iso ry  sp ee d  s ig n s  being dynam ically  re g u la ted  by a  com puter in

re sp o n se  to  cu rren t lo c a l tra ff ic  p e rtu rb a tio n s  h as  not b een  se r io u s ly

20 21pro p o sed . R ecent li te ra tu re  ' , how ever, in d ic a te s  th a t  th ink ing  i s

p ro g ressin g  in  th e  d irec tio n  of on -freew ay  re a l- tim e  re sp o n s iv e  tra ff ic  

con tro l s y s te m s .



7

The su rv e illa n ce  and con tro l sy stem  on th e  John C . Lodge F ree -

15w ay in c lu d ed  a  lim ited  s tudy  of the  e ffe c ts  of ch an g eab le  sp eed  s ig n s  

during peak  p e rio d s . The re s u l ts  w ere in c o n c lu s iv e  due to  the  follow ing 

shortcom ings of th e  study: (1) The m o to ris ts  d id  not u n d ers tan d  the  

ad v an ce  w arning natu re  of the  s ig n s  and probably  in te rp re ted  the  sp eed s  

a s  re g u la to ry , (2) the s ig n s  w ere not dynam ically  con tro lled ; th ey  w ere 

u sed  in  an  a ttem p t to  red u ce  the  flow upstream  from fixed  geom etric  

b o tt le n e c k s , and  (3) the s ig n s  w ere co n tro lled  by an  op era to r on th e  b a s is  

of te le v is io n  su rv e illa n c e  ra th e r th an  by com puter p ro cess in g  of d e tec to r 

d a ta . In a d d itio n , the  freew ay dem and w as no t re s tr ic te d  by ram p contro l 

during peak  p e rio d s .

I t  is  not ex p ec ted  th a t ad v iso ry  s ig n  contro l w ill be  e ffe c tiv e  Vvhen 

dem and e x c e e d s  c a p a c ity . A lso , lig h t tra ff ic  p o ses  no problem s and does 

not w arran t s ig n  co n tro l. Advisory s ig n  con tro l i s  in ten d ed  for con d itio n s  

of d e n se  tra ff ic  w ith  the  dem and re s tr ic te d  to  being  below  the c ap a c ity  flow 

ra te .  Under su ch  con d itio n s  co n g es tio n  i s  o ften  p re c ip ita ted  by a minor 

p ertu rb a tio n  w ith in  a lo c a l pocket of h igh  flow su ch  a s  a com pact p la toon  

of s e v e ra l v e h ic le s .  It i s  e x p ec te d  th a t in  a p ra c tic a l sy stem  ram p contro l 

and  ad v iso ry  s ig n  con tro l w ill be u sed  to g e th e r w ith  th e  form er m ain tain ing  

th e  environm ent in  w h ich  th e  la t te r  can  be e ffe c tiv e .
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In C hapters 2, 3, and 4 d e ta ils  o f the s ig n  co n tro l s y s te m  a r e  

p r e se n te d . In C hapters 2 and 3 the s im u la tio n  p ro g ra m  and the m o d e ls  

u se d  for  v e h ic le  d y n a m ics a r e  d e sc r ib e d . C hapter 4 p r e se n ts  a 

d e sc r ip tio n  and ju s t if ic a t io n  o f th e  s ig n  co n tro l a lg o r ith m . The 

n u m e r ic a l r e s u lt s  com p arin g  the s y s te m  p er fo r m a n c e  w ith  s ig n  co n tro l 

to  the p er fo rm a n ce  w ithout s ig n  co n tro l a r e  in c lu d ed  in  C hapter 5.
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CHAPTER 2 

SIM ULATION PROGRAM

2 .1  l u s t i f i c a t i o n  f o r  S i m u l a t i o n

P o s itiv e  proof of the  e ffe c tiv e n e ss  of th e  p roposed  contro l sy stem  can  

be o b ta ined  only by b u ild ing  a prototype on an  e x is tin g  highw ay and com par­

ing before  and a fte r perform ance in d ic e s . How ever the  high c o s t of bu ild ing  

su ch  a sy stem  m andates th a t  a  prelim inary  d e te rm in a tio n  be made of the 

p o ss ib le  im provem ents afforded  by the sy stem . To make th is  de term ina tion  

a d ig ita l com puter s im u la tio n  program has b een  dev e lo p ed  w hich  in co rp o ra te s  

the  roadbed  d e te c to rs ,  the  ad v iso ry  sp eed  s ig n s ,  the  s ig n  con tro l a lg o rith m , 

and the  sev e ra l m odels th a t  govern the dynam ics of v e h ic le s  a s  they  respond  

to  o ther c a rs  and  to  the  ad v iso ry  s ig n s . For a p a rticu la r c a se  the  s im u la tion  

is  run  bo th  w ith  and  w ithou t ad v iso ry  s ig n  con tro l and th e  perform ance 

in d ic e s  are  com pared to  determ ine  the  degree of im provem ent.

Such a s im u la tio n  of a com plex system  invo lv ing  the  human e lem en t 

h as  the  d isad v a n ta g e  of being bo th  an  approxim ation  and an  over­

s im p lific a tio n  of the a c tu a l dynam ics. How ever i t  h as  th e  p o ten tia l of 

being  far more r e a l i s t ic  th an  th o se  a n a ly tic  m odels th a t d e sc rib e  a d r iv e r 's  

re sp o n se  by a s in g le  seco n d  order d iffe ren tia l eq u a tio n . Although an  e x ­

perim ent on an  a c tu a l h ighw ay is  more r e a l is t ic  the s im u la tio n  o ffers sev e ra l 

s ig n if ic a n t a d v a n ta g e s . For ex am p le , a p h y s ica l m o d ifica tio n , su ch  a s  the 

sp ac in g  of the  ad v iso ry  s ig n s , can  be e ffe c ted  by a programming change in
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a s im u la ted  sy stem  w h ereas  the  sam e change in  an  a c tu a l sy stem  w ould be 

e x p e n s iv e , tim e consum ing , and d is ru p tiv e . The s e n s i t iv i ty  of the  perform ­

a n ce  in d ex  to  any param eter of th e  con tro l sy stem  can  be e a s i ly  o b ta in ed  

s in c e  th e  In pu ts  to  th e  s im u la tio n  a re  re a d ily  rep ro d u ced . A s im u la ted  

highw ay a ls o  a llo w s th e  e ffe c ts  of in c re a se d  volum e to  be  e s tim a te d  before 

the  a c tu a l dem and e x is t s .
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2 . 2  T h e  S i m u l a t i o n  P r o g r a m

Sim ulation  A pproach The sim u la tio n  program is  w ritten  in  Fortran  

for the  IBM 3 6 0 /5 0  com puter; i t  o ccu p ie s  abou t 112 K b y tes of s to ra g e . 

Fortran w as s e le c te d  in s te a d  of one o f the  g en era l purpose s im u la tion  

lan g u ag es  su ch  a s  GPSS and  CSMP b e c a u se  of i t s  g re a te r  f le x ib ility  and the  

fa s te r  ex ec u tio n  tim e p o ss ib le  by u s in g  th e  Fortran -H  com piler. The ra tio  

of s im u la ted  tim e (v eh ic le -m in u te s) to  CPU tim e is  approx im ate ly  100.

On an  a c tu a l highw ay ev ery  a s p e c t  o f a  v e h ic le 's  re sp o n se  to  the  

m otion of the  car ah ead  or to  an  ad v iso ry  s ig n  v a rie s  among d iffe ren t d rivers  

and v a rie s  in  tim e for a  p a rtic u la r  d riv e r. This s im u la tio n  ig n o res  the  tim e 

v a ria tio n  and  co n s id e rs  only two of the  more c t l t ic a l  param eters a s  random  

v a r ia b le s . One o f th e se  param eters  is  the  d e s ired  headw ay fac to r for the  

i - t h  d riv e r, HDRVj, w hich  a ls o  d e te rm in es  h is  s e n s it iv ity  of re sp o n se  to  

the  ca r a h ea d . The o ther i s  th e  com pliance  fac to r for the i - t h  d riv e r, 

COMPLYj, w hich  s p e c if ie s  w hether or no t a d river h eed s  the  ad v iso ry  s ig n  

s e t t in g s .

S ince d riv e rs  have  c e r ta in  c h a ra c te r is t ic s  sp e c if ie d  a s  sam ples 

from a p ro b ab ility  d e n s ity  function  i t  i s  a d v isa b le  to  re p e a t the  s im u la tio n  

w ith  d iffe ren t sam ple  p o p u la tio n s . I t can  th en  be a sc e r ta in e d  to  w hat 

e x te n t d iffe ren t sam ple  p o p u la tio n s  a ffe c t th e  im provem ents afforded  by the 

con tro l sy stem  and  an  e x p ec te d  v a lu e  for the  im provem ent can  be e s tim a te d . 

P rov ision  h a s  b een  made to  au to m a tica lly  re p e a t a  s im u la tio n  run  u s in g  a 

d iffe ren t d riv e r sam p le . The param eter NENS sp e c if ie s  the  number of tim es
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a s im u la tio n  shou ld  be re p e a te d  under id e n tic a l co n d itio n s  ex ce p t for d iffe r­

e n t d riv e r p o p u la tio n s . The e x p ec ted  v a lu e s  o f the  headw ay fac to r and the  

com pliance  fac to r a re  h e ld  c o n s ta n t for th e se  ru n s .

The S im ulated  System  A s in g le - la n e ,  s tra ig h t, le v e l roadw ay 

is  s im u la ted  on w hich  no p a ss in g  is  a llo w ed . A lthough i t  is  not r e a l is t ic  

to  c o n s id e r th a t  e x p re ssw ay s  w ill have only one la n e  in  urban a re a s ,  i t  is  

l ik e ly  th a t a con tro l s tra teg y  form ulated for a  s in g le - la n e  roadw ay may be 

ap p lied  to  a m u lti- lan e  roadw ay by the  in tro d u c tio n  of app rop ria te  av erag es  

over the s e v e ra l la n e s .  A ju s tif ic a tio n  of con tro l on th e  b a s is  of a  lan e  

com posite  is  th a t in  heavy  tra ff ic  the  flow  on a ll  la n e s  of a p a rtic u la r  s e c tio n  

of roadw ay e x h ib its  a  c e r ta in  un iform ity . Thus i t  i s  a ssu m ed  th a t the 

s im u la ted  la n e  of tra ff ic  re p re se n ts  one la n e  o f a m ulti-lane ex p ressw ay  on 

w hich  p a s s in g  o p p o rtu n ities  are  ra re  due to  d e n se  tra ff ic  co n d itio n s . The 

h igh  d e n s ity  a ssu m p tio n  im p lies  th a t  every  v e h ic le  i s  coup led  to  the  p reced ­

in g  v e h ic le ; e a c h  v eh ic le  re sp o n d s , a fte r a re a c tio n  tim e , to  a s ig n ific a n t 

a c c e le ra tio n  of the  car a h ea d . The m odels o f v e h ic le  dynam ics are  appro ­

p ria te  to  th is  s i tu a tio n .

The le n g th  of the  roadw ay may be an  in te g ra l number of m iles up to  a 

maximum o f 10 m iles in  th e  cu rren t v e rs io n  o f th e  program . The roadw ay i s  

co n sid e red  to  be a  seq u en ce  of 0 .1  m ile segm en ts  re fe rred  to  a s  s e c t io n s .

A p a ir o f v e h ic le  d e tec to rs  lo c a te d  a t  e ac h  s e c tio n  boundary are 

s im u la ted . T hese  d e tec to rs  produce ou tpu ts  th a t  a llow  c a lc u la tio n  of the  

sp ee d  o f th e  v e h ic le  m ost re c e n tly  p a ss in g  e a c h  d e te c to r  and  the  v eh ic le
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count on e a c h  528 foot s ec tio n  of ro ad w ay . In p ra c tice  the  d e te c to rs  would 

be of th e  in d u c tio n  lo o p  d e s ig n  w hich  are  re a d ily  a v a ila b le , e co n o m ica l, 

and e a s i ly  in s ta l le d .

Com puter co n tro lled  ad v iso ry  sp eed  s ig n s  are  a ls o  s im u la ted . T hese 

s ig n s  a re  s im ila rly  lo c a te d  a t  th e  sec tio n  b o undaries  sp aced  by 0 .1  m ile . 

Each s ig n  i s  e ith e r  on  or off a s  the  cu rren t tra ff ic  co n d itio n s  w arran t. A 

s ig n  th a t is  on d isp la y s  an  ad v iso ry  sp ee d  w h ich  i s  lim ited  to  one of the 

s tan d ard  5 m i/h r in c rem en ts .

S ince the le n g th  of roadw ay being  s im u la ted  i s  in ten d ed  to  be a s e g ­

m ent of a much longer highw ay i t  is  n e c e s sa ry  to  avo id  th e  end e ffe c ts  

a s s o c ia te d  w ith  v e h ic le s  e x itin g  from the  s im u la ted  ro ad w ay . W hen 

v eh ic le  k e x its  from the  roadw ay v e h ic le  k+1 is  deprived  of i t s  " lead e r"  

and u n le s s  app rop ria te  m easures a re  tak en  a d is tu rb an ce  can  propagate  

back  upstream  from the  term inal p o in t. To a lle v ia te  th is  problem  a runoff 

s e c tio n  eq u al in  le n g th  to  20 p e rcen t o f the  unex tended  roadw ay is  p rov ided .

Input P aram eters S evera l d iffe ren t ty p es  o f in p u t c o n s ta n ts  allow  

f le x ib ility  in  the s im u la tio n . C e rta in  c o n s ta n ts  are  param eters  in  the  m odels 

for c a r-fo llo w in g . By chang ing  th e s e  param eters  the  e f fe c t ,  for ex am p le , of 

re a c tio n  tim e on s ta b i l i ty  can  be o b se rv ed . O ther in p u t c o n s ta n ts  d e sc rib e  

p h y s ica l item s of a s im u la tio n  ru n  su ch  a s  the  len g th  of roadw ay , the 

number of v e h ic le s  g e n e ra te d , and  w hether or no t the  ad v iso ry  s ig n s  are to  

be u s e d . C erta in  c o n s ta n ts  determ ine the  sp eed  and  headw ays of v e h ic le s  

a s  th ey  e n te r  the  h ighw ay . There is  p ro v is io n  for g en era tin g  d riv e rs  w ith
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uniform car-fo llo w in g  c h a ra c te r is t ic s  or w ith  s e n s i t iv i ty  fac to r ch o sen  from 

a p robab ility  d e n s ity  function  so  a s  to  y ie ld  a  sp e c if ie d  inpu t flow . C on­

s ta n ts  sp ec ify in g  th e  d e s ire d  in p u t flow and c e r ta in  c h a ra c te r is t ic s  of the  

d e n s ity  func tion  are  in p u ts  to  the  s im u la tio n . In ad d itio n  c e r ta in  param eters 

sp ec ify  the d e s ire d  dynam ics of the  f ir s t  c a r . It i s  the  programmed 

m aneuvers of the f ir s t  ca r th a t  in i t ia te  a ll  ca r-fo llo w in g  re s p o n s e s . The 

op tions a v a ilab le  for the  m otion of the f ir s t  c a r a re  d e sc rib e d  in  a la te r  

s e c tio n . Another c o n s ta n t s p e c if ie s  the  p e rcen t of d riv e rs  th a t obey the 

adv iso ry  sp eed  s ig n s . C erta in  c o n s ta n ts  s e le c t  p rin tou t during the cou rse  

of the  s im u la tio n  th a t i s  u se fu l for debugg ing , trac in g  the m icroscop ic  

m otion of the  v e h ic le s ,  or tra c in g  the  lo g ic  o f the  s ig n  con tro l a lgorithm .

Sim ulation O utput P rin tou t may be o b ta in ed  during the  cou rse  of 

the  s im u la tio n  for pu rp o ses  of debugging  or o f study ing  the s im u la tio n  on a 

m icroscop ic  le v e l .

An option  perm its p rin ting  the  sp ee d  of a l l  c a rs  on the  roadw ay a t  

one seco n d  in te rv a ls . This ou tpu t i s  p rin ted  a t  in te rv a ls  of 5 seco n d s  of 

s im u la tion  tim e be tw een  p re sc rib ed  l im its .

For the f ir s t  tw enty  ca rs  th e re  is  th e  op tion  of p rin ting  p o s itio n , 

d is ta n c e  from the ca r a h e a d , s p e e d , a c c e le ra tio n , and  cu rren t mode of 

o p e ra tio n . The tim e in te rv a l be tw een  p rin ting  o f th e se  v a ria b le s  i s  sp ec if ie d  

a s  an  inpu t c o n s ta n t. This form of d e ta ile d  p rin tou t proved u se fu l in  the  

in i t ia l  p h ase  of te s t in g  and  re fin in g  th e  ca r-fo llo w in g  m odels . It h as  further 

u se  in  p lo tting  sp ac in g  v e rsu s  sp eed  for a p a rtic u la r  m aneuver.
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An option  i s  in c lu d ed  th a t a llo w s trac in g  of the  lo g ic  o f the  s ig n  

con tro l a lg o rith m . At every  s ig n  se tt in g  in te rv a l a  g rap h ic  re p re se n ta tio n  

of the  highw ay is  p rin ted . The num ber of c a rs  on e a c h  s e c tio n  and the 

d e tec to r v e lo c ity  in d ic a tio n  a t  e a c h  s e c tio n  boundary is  c lea rly  show n.

Then in te rm ed ia te  v a r ia b le s  in  the  com putation  of e a c h  s ig n  se ttin g  are 

p rin ted . This is  fo llow ed by the  com puted s ig n  se tt in g  or the  app rop ria te  

e x p lan a tio n  of why the  s ig n  i s  not to  be  tu rned  on . After th is  i s  p rin ted  for 

e ac h  s ig n  the  re s u lts  of the  rounding  algorithm  fo llow . The s ig n  se ttin g  

rounded to  one of th e  5 m i/h r increm en ts  is  p rin ted  or the  re a so n  why the 

s ig n  i s  tu rned  off i s  in d ic a te d .

Every 30 seco n d s  a  ta b le  is  p rin ted  con ta in in g  the  number of v e h ic le s  

on e a c h  s e c tio n , the  v e lo c ity  in d ic a tio n  a t  e a c h  d e tec to r s i t e ,  and the  s e t ­

tin g  of e a c h  s ig n . These d a ta  a re  of the  s ix  p rev ious sam pling  in s ta n ts  

sp ac e d  by 5 se c o n d s . This ta b le  p re se n ts  a  c le a r  p ic tu re  of the  s ig n  profile  

a t  a  p a rticu la r tim e and i t s  ev o lu tio n  over s u c c e s s iv e  5 seco n d  in te rv a ls .

At the  co n c lu s io n  of e a c h  run  a d d itio n a l re s u lts  a re  p rin ted . These 

o u tp u ts  a re  d e sc rib e d  below .

The ou tpu t of a p a rtic u la r  run  i s  id e n tif ie d  by prin ting  the  v a lu es  

u sed  for c e r ta in  o f the  inpu t param eters  or op tions th a t may be changed 

b e tw een  ru n s . This ou tpu t in d ic a te s  the  len g th  of highw ay and th e  number 

of v e h ic le s  s im u la ted , the  type of m aneuver undergone by the  f ir s t  v e h ic le , 

the  en te rin g  flow  r a te ,  w hether en terin g  v e h ic le s  a re  g en e ra ted  w ith  

uniform  or random  headw ay fa c to rs , and  w hether or not s ig n  con tro l i s  being  

u s e d .
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For e a c h  v eh ic le  the  ou tpu t l i s t s  i t s  tra v e l t im e , stopped  tim e , 

d e s ired  headw ay fa c to r, sp ee d  and  sp ac in g  b o th  upon en terin g  and leav in g  

th e  h ighw ay , and i t s  a c c e le ra tio n  n o ise  for the  tr ip .

A tab le  of COMPLY* i s  p rin ted  in d ic a tin g  for e a c h  d river w hether or 

no t he resp o n d s  to  the  ad v iso ry  s ig n  s e tt in g s  or ig n o res  them . The p ercen t 

of d rivers  th a t com ply i s  a ls o  p rin ted .

The du ty  cy cle  for e ac h  ad v iso ry  sp eed  s ig n  i s  a ls o  g iv en . For the 

i - t h  s ig n  th is  q u an tity  is  the  ra tio  of the  num ber of 5 second  in te rv a ls  during 

w h ich  the  i - t h  s ig n  is  on to  th e  number of 5 seco n d  in te rv a ls  a t  the  b eg in ­

ning of w hich  the i - t h  s e c tio n  i s  n o n -em pty . The sum of th e se  num erators 

d iv id ed  by the sum of th e se  denom inators is  an  in d ic a to r  of the  o v era ll duty 

cy c le  of the s ig n s .

C um ulative s ta t i s t ic s  are  p rin ted  g iv in g , for a l l  c a r s ,  the  to ta l trav e l 

tim e , to ta l a c c e le ra tio n  n o ise  (not inc lud ing  th a t o f th e  pre-program m ed le ad  

v e h ic le ) , and  the to ta l s topped  tim e. A verage s ta t i s t i c s  g ive  the  av erag e  

tra v e l tim e , av erage  sp eed  upon leav in g  th e  h ighw ay , av erage  sp ac in g  upon 

en terin g  and leav in g  the  h ighw ay , and av erag e  a c c e le ra tio n  n o ise  (not 

in c lu d in g  the  le ad  v e h ic le ) .

W hen sev e ra l runs are  made for th e  purpose o f ob ta in ing  re s u l ts  for 

d iffe ren t d riv e r sam ple p o p u la tions the  en sem b le  s ta t i s t i c s  are  p rin ted  a t  

the  end  of the  s e t  of ru n s .
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Storage of V ariab les The b a s ic  tim e increm ent u sed  in  the 

s im u la tio n  is  0 .2  se c o n d s . In th is  in te rv a l of tim e a v e h ic le  tra v e ls  

approx im ate ly  one ca r le n g th  a t  60 m i/h r . This tim e increm ent a llo w s 

re a c tio n  tim e to  be e a s i ly  s im u la ted  to  an  accu racy  of 0 .2  se c o n d s .

S ince the  car-fo llo w in g  and  s ig n -fo llo w in g  m odels in c lu d e  tim e 

d e la y s ,  i t  is  n e c e s sa ry  to  re ta in  c e r ta in  v a lu e s  com puted a t  prev ious tim e 

in c re m en ts . S p e c if ic a lly , the  a c c e le ra tio n  of the  k - th  v e h ic le  a t  tim e t  is  

a  function  of the  p o s itio n  and sp eed  of i t  and  of v e h ic le  (k -1 ) during the  

p rev ious 2 .0  se c o n d s . Thus a t  any tim e t ,  11 s to rag e  lo c a tio n s  are  needed  

for x ^ t ) ,  x ^ ( t - 0 .2 ) ,  . . . ,  xk( t - 2 .0 )  and 11 lo c a tio n s  are  needed  for 

v j^ t) , Vj^t-O^),  . .  . ,  Vjc( t - 2 . 0 ) .  S u ffic ien t s to rag e  is  re se rv e d  for 350 

v e h ic le s  in  the  cu rren t v e rs io n  o f th e  program .

The u su a l app roach  for s to rin g  th e se  v a ria b le s  is  to  em ploy d o u b le - 

su b sc rip t a r ra y s . Then X(I,J) m ight re p re se n t th e  p o s itio n  of the  I - th  

v e h ic le  a t tim e t=  0 .2  ( J -  1) w here t  is  th e  cu rren t s im u la tio n  tim e and J i s  

in  the  range  1 < J s  11.

The app roach  d e sc rib e d  above is  in e ff ic ie n t for tw o re a s o n s . F irs tly , 

a t  every  upd a te  tim e te n  move o p e ra tio n s  a re  n e c e s sa ry  for e ach  v e h ic le  on 

th e  h ighw ay . S econd ly , th e  index ing  procedure  for d o u b le -su b sc rip t a rrays 

ta k e s  far more e x ec u tio n  tim e th an  th a t for s in g le -s u b s c r ip t  a r ra y s . The 

d isa d v a n ta g e s  a re  overcom e by th e  follow ing s to rag e  m ethod.
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The p a rtic u la r  schem e u se d  for s to rin g  the  p o s itio n  and sp eed  

inform ation  is  c h o se n  to  m inim ize the  num ber of tim es th a t d a ta  i s  moved 

from one lo c a tio n  to  a n o th e r. F igure 2 -1  in d ic a te s  how th e  v a lu es  of 

p o s itio n  for 100 v e h ic le s  are  s to re d . The row s co rrespond  to  s to rag e  

lo c a tio n s  and the  colum n h ead in g s  in d ic a te  the  v a lu e s  of s im u la tio n  tim e 

for w hich  the  co n ten ts  of s to rag e  a re  show n. In row  2 ,  colum n 3 , the  

n o ta tio n  x t(6 5 .0 ) in d ic a te s  th a t  a t  t  = 6 5 .4  s e c ,  lo c a tio n  2 co n ta in s  the 

v a lu e  o f p o s itio n  for c a r  1 a t t  = 65 . 0.

W hen t  i s  increm ented  from t  = 6 5 .0  to  t  = 6 5 .2  the  new v a lu es  for 

p o s itio n  a re  com puted for a ll 100 c a r s .  That is  xj(65 .2 ) are  com puted for 

l < i < 1 0 0 .  As show n in  colum n 2 , the  new v a lu e  x j(6 5 .2 ) i s  s to red  a d ­

ja c e n t to  th e  p rev ious v a lu e  x j(6 5 .0 ) . The q u an tity  X}(65.2) re p la c e s  in  

s to rag e  the  o ld e s t  v a lu e  of p o s itio n  s to red  for th e  ( i - l ) - t h  v e h ic le ,  

xi - i ( 6 3 .0 ), w h ich  i s  no longer n e ed e d . The arrow s in  F ig .2 -1  in d ic a te  

w here th e  m ost re c e n t v a lu e s  a re  s to re d . At t = 6 5 .4  i t  i s  no ted  th a t the 

new v a lu e  x i(6 5 .4) i s  s to red  a t  the  bottom  of the  array  s in c e  th e  top  of the  

array  h as  b een  f i l le d . A s in g le  v a ria b le  k eep s  tra c k  of th e  cu rren t p o s itio n  

of c a r 1 (or th e  ca r fu r th e s t dow nstream  if  c a r 1 h a s  a lread y  le f t  th e  h ighw ay). 

The cu rren t p o s itio n s  o f s u c c e s s iv e  c a rs  a re  sp ac e d  by 11 lo c a t io n s .

An id e n tic a l s to rag e  a rrangem ent i s  u sed  for the  sp ee d s  of the  

v e h ic le s  be ing  s im u la ted . This s to ra g e  schem e o b v ia te s  th e  need  to  sh if t 

v a lu e s  in  s to rag e  or u se  double  su b sc rip t n o ta tio n . The o n e -d im en sio n a l 

a rray s  th a t  s to re  p o s itio n  and sp eed  a re  d e s ig n a te d  by XCAR and VCAR
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Locatton
1

2

•  • •

10

u
12

13

21

22

23

24

•  • •

1088

1089

1090

1091

•  • • •

1101

•  • •  

• • •  

•  • •

3849

3850

f
i

FgflaM------- — .i .

Xi(65.2) Xj(65.2) Xj(65.2)

x,(65.0) Xi(65.0) X!(65.0) xx(65.0)

• • • • • • • • • • ••

xi(63.4) Xi(63.4) Xi(63,4) x2(65.6)

Xi(63#2) X!(63.2) -9- x2(65.4) x2(65.4)

xx(63.0) -r x2(65.2) x2(65.2) x2(65.2)

x2(65.0) x2(65.0) x2(65.0) x2(65.0)

• • • • •• • • • • • •

x2(63.4) x2(63.4) x2(63.4) x3(65.6)

x2(63.2) x2(63.2) -► x3(65.4) x3(65.4)

x2(63.0) x3(65.2) x3(65.2) x3(65.2)

x3(65,0) x3(65.0) x3(65.0) x3(65.0)

• •• • • • • • •

X99 (63.4) ^ ,(6 3 .4 ) x. 9 (63.4) r xio0(65.6)

W 63*2) *99 (63.2) —► Xl0Q (®®»4) xioo (65.4)

3^9 (63.0) — XlOO (65*2) Xloo (65.2) x ioo(65*2)

Xloo(65»°) Xloo(65*0) Xioo (65.0) Xloo (65*°)

• •• • • • • •• • ••

Xloo(63.0) x ioo(63.0) xioo (63*0)

• •• • • • • ••

• •• • •• • • • • • •

• •• • ft • • • • ••

• • • • • • • • • -► Xi(65#6)

• • • •  •• —
Xi(65,4) xx(65#4)

F ig . 2 -1  S to rag e  L ayou t
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re sp e c tiv e ly  in  the  Fortran program .

The cu rren t a c c e le ra tio n  o f the  i - t h  v e h ic le  is  s to red  a s  A N 0W (I).

The a rray  IBRNCH(I) s to re s  th e  mode of e ac h  ca r a t th e  p rev ious s im u la tio n  

tim e w hich  is  u sed  to  determ ine the  po in t o f en try  in to  the  subrou tine  th a t 

com putes e a c h  c a r 's  m otion. That is  IBRNCH(I), in  p a r t, rem em bers the  

p revious s ta te  of the  I - th  v e h ic le . The a rray  IDM 0DE(I) s to re s  an o th er 

com ponent of e a c h  v e h ic le 's  s ta t e ,  in d ica tin g  the  type o f b raking  behav io r 

the  car w as engaged  in  a t  the  p rev ious s im u la tio n  tim e . The number of the 

highw ay s e c tio n  cu rren tly  occu p ied  by the  I - th  v e h ic le  i s  s to red  in  CECT(I).

D etec to r deriv ed  d a ta  are  s to red  in  the  a rray s  N D(I,J) and VD(I,J) 

w ith  ND hold ing  the  number o f v e h ic le s  on e a c h  s e c tio n  and VD hold ing  

d e tec to r sp eed  in d ic a tio n s . As th e  s im u la tio n  tim e p ro g re sse s  the  index  J 

in c re a s e s  from J = 2 to  J = 7 and  th en  re p e a ts  th is  cy c le  be ing  increm en ted  

a t  5 seco n d  in te rv a ls .  If  a t  a p a rtic u la r  tim e , say  t  = 84 s e c . , th e  second  

su b sc rip t h as  the  v a lu e  J = 3 th en  N D (I,3) i s  the  num ber o f v e h ic le s  cu rren tly  

on s e c tio n  I . N D (I,2) e q u a ls  the  number of v e h ic le s  th a t  w ere on s e c tio n  I 

a t  th e  end  of the  p rev ious 5 seco n d  in te rv a l, th a t i s ,  a t  t  = 80 s e c .  The 

q u a n titie s  N D (I,1 ) , N D (I,7 ), N D (I,6 ) , N D (I,5 ) , ND(1,4) re s p e c tiv e ly  

re p re se n t th e  number o f v e h ic le s  on s e c tio n  I a t  tim es 75 , 70 , 65 , 6 0 , and 

55 s e c o n d s . In th e  sam e m anner VD(I,3) re p re se n ts  the  d e te c te d  sp eed  from 

the  v e h ic le  m ost re c e n tly  hav ing  p a sse d  d e te c to r  I .  And VD(I,6) re p re se n ts  

th e  sp ee d  d e te c te d  a t  th e  I - th  d e te c to r  ju s t  p rio r to  t  = 65 s e c .
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The sp eed  se tt in g  o f th e  I -th  a d v iso r y  s ig n  i s  s to r e d  in  

VSIGN(I, J) and the a r r a y  LSIGN(l) in d ic a te s , for  ea ch  s ig n , w hether  

i t  i s  c u r r e n tly  on or o ff. The seco n d  in d ex  J in  VSIGN(I, J) i s  u t iliz e d  

in  the sa m e m an n er a s  w ith  ND and VD, In th is  w ay v a lu es  o f ND, VD, 

and VSIGN at th e s ix  p r e v io u s  5 seco n d  in te r v a ls  a r e  reta in ed .

G eneration  o f V e h ic le s  The c a r s  en ter  the roadw ay at a 

con stan t sp eed , V, w h ich  is  th e  sa m e  for a ll  v e h ic le s  and i s  an input 

p a r a m e te r  to  th e p ro g ra m . The v e h ic le s  con tinue at con stan t sp eed  

u n til a l l  c a r s  have en tered  the roadw ay, a t w h ich  tim e  the lea d  v e h ic le  

c o m m e n c e s  it s  m a n eu v er . T his m ethod  o f en ter in g  th e c a r s  onto the  

highw ay a s s u r e s  that th e  in it ia l  con d itio n s w il l  b e  the sa m e for a run  

w ithout s ig n  co n tro l a s  for  a run w ith  s ig n  co n tro l, as exp la in ed  

fu rth er  in  S ectio n  3. 2.

The t im e  o f en tra n ce  o f a v e h ic le  is  su ch  that the d e s ir e d  fo llo w ­

ing d is ta n c e  for th e cu rre n t sp eed  e x is t s  b etw een  th e v e h ic le  and the  

v e h ic le  ahead . The d e s ir e d  fo llow in g  d is ta n c e  for  the i- th  d r iv e r  i s  a 

function  o f HDRVj, th e  h eadw ay fa c to r  a s s ig n e d  to  the i - th  d r iv e r . By  

sp ec ify in g  th e m ean  v a lu e  o f th e  headw ay fa c to r , in  addition  to  the  

en ter in g  sp eed , the a v e r a g e  ra te  at w hich  v e h ic le s  en ter  the roadw ay  

i s  d e term in ed , a s  i s  show n in  S ectio n  3 .2 .  T his ra te  at w hich  v e h ic le s  

a r e  g en era te d  r e p r e se n ts  the dem and fo r  s e r v ic e  on the roadw ay and is  

r e fe r r e d  to  by the le t t e r  D. The dem and, D, i s  an input p a ra m eter  that 

i s  v a r ied  b etw een  1600 and 2300 v e h ic le s  p er  hour. A fter  th e  lead



22

v e h ic le  b eg in s  i t s  m a n eu v er , a ctu a l f lo w  r a te s  a ch iev ed  on the s im ­

u la ted  highw ay a r e  b etw een  1400 and 1700 v e h ic le s  p er  hou r.

It i s  to  b e noted  that th e dem and ra te  D d if fe r s  fro m  th e u su a l 

d efin ition  o f  dem and in  that the v e h ic le s  in  th is  s im u la tio n  h ave  b een  

g en era ted  under p e r tu r b a tio n -fr e e  co n d itio n s . On an actu a l h ighw ay, 

flow  r a te s  a ch iev ed  under con d ition s o f in tera c tin g  v e h ic le s  a r e  con­

s id e r a b ly  lo w er  as is  found to  b e  the c a s e  in  th is  s im u la tio n .

M otion o f  F ir s t  V eh ic le  The m otion  o f the f ir s t  ca r  to en ter  

the h ighw ay i s  p r e -p r o g r a m m e d  a cco rd in g  to  s e v e r a l  input p a r a m e te r s .  

The a c c e le r a t io n  o f th e  f ir s t  v e h ic le  i s  d eterm in ed  by the input con ­

sta n ts  VI3, N REP; T F 3 (1 )........... TF3(5); A F 3(1 )........A F 3(4 ). The c a r 's

in it ia l sp eed  i s  VI3 and it s  a c c e le r a t io n  is  zer o  u n til t = T F 3(1 ). At 

th is  t im e  the ca r  in it ia te s  a m a n eu v er  d e sc r ib e d  a s  fo llo w s:

A F 3( 1) fo r  TF3( 1) < t < TF3(2)

A F3(2) fo r  TF3(2) < t < TF3(3)

A F3(3) fo r  TF3(3) < t < TF3(4)

A F3(4) fo r  TF3(4) < t  < TF3(5)

A fter  t = TF3(5) th is  b a s ic  m a n eu v er  i s  rep ea ted  u n til i t  i s  ex ecu ted  

N R E P  t im e s . T h erea fter  the c a r  con tin u es a t con stan t v e lo c ity  u n til it  

le a v e s  the h ighw ay. The su b rou tin e F3 c o n tro ls  th e  m otion  o f th e  f ir s t  

c a r . It p r o v id e s  v a lu e s  fo r  th e  cu rren t a c c e le r a t io n , th e  n ew  v e lo c ity ,  

and the n ew  p o s it io n  o f  the f ir s t  v e h ic le .
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A s show n above th e m otion  o f th e f ir s t  ca r  i s  p e r io d ic  w ith  

p er io d  P  = TF3(5) -  TF3(1) s e c o n d s . The u su a l sp e c if ic a t io n  fo r  the  

con stan ts  y ie ld s  a con stan t d e c e le r a t io n  fo llo w ed  by an in te r v a l o f  

con stan t sp eed ; then  a con sta n t a c c e le r a t io n  back  to  th e o r ig in a l sp eed  

fo llo w ed  by an in te r v a l o f con stan t sp eed .

The f ir s t  v e h ic le  c o m m en ces  it s  m an eu ver  sh o r tly  a fter  a ll  

v e h ic le s  en ter  the h ighw ay and u su a lly  con tin u es th e p e r io d ic  m otion  

u n til the v e h ic le  r e a c h e s  th e end of the h ighw ay ex ten s io n  (runoff 

sec tio n ) w h ere  it  i s  term in a te d .

D yn am ics o f F o llow in g  V e h ic le s  V e h ic le s  resp o n d  to the  

m otion  o f o th er c a r s  and to  the a d v iso ry  sp eed  s ig n s  a ccord in g  to  the  

m o d e ls  g iv e n  in  su broutine G l.  T h ese  m o d e ls  a r e  d e sc r ib e d  in  d e ta il  

in  S ection  3 . 1.

A d v iso r y  Sign S ettin g s  Subroutine SETSGN con ta in s the  

lo g ic  for  com puting th e  sp eed  se tt in g s  o f the a d v iso r y  s ig n s . E very  

5 seco n d s  s ig n  se tt in g s  a r e  d eterm in ed  by an a lyzin g  th e d e tec to r  

in fo rm a tio n  in  the a r r a y s  ND and VD. The s ig n  s e tt in g s  a r e  rounded  

to  the standard  5 m i/h r  in c r e m e n ts . The d e ta ils  o f  th e  s ig n  se ttin g  

a lg o r ith m  a r e  p r e se n te d  in  C hapter 4.
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CHAPTER 3 

M ODELS OF VEHICLE DYNAMICS

3 .1  M o d e l s  o f  V e h i c l e  D y n a m i c s

In troduction  There i s  a v a s t  lite ra tu re  to  draw  upon in  s e le c t ­

ing  m athem atica l m odels to  d e sc r ib e  how a v e h ic le  re sp o n d s  to  i t s  env iron ­

m ent, e sp e c ia l ly  to  the  m otion o f o th e r v e h ic le s .  T hese m o d e ls , o ften  

term ed car-fo llo w in g  la w s ,  a re  lim ited  to  highw ay tra ff ic  w ithou t p a s s in g , 

a s itu a tio n  th a t i s  approx im ated  on m u lti- lan e  e x p re ssw ay s  w ith  d e n se  

tra f f ic .

M odels o f S in g le - la n e  Traffic  —  H is to rica l Background

28 29R eu sch el (1950) and  P ipes (1953) w ere the  f ir s t  to  s tudy  the  m otion of a

lin e  o f c a rs  under th e  a ssu m p tio n  th a t v e h ic le  sp ac in g  is  l in e a rly  p roportional 

to  s p e e d . The s tim u lu s -re sp o n se  in te rp re ta tio n  is  th a t a v e h ic le 's  a c c e le r ­

a tio n  is  proportional to  i t s  cu rren t re la tiv e  v e lo c ity  w ith  r e s p e c t  to  th e  car 

a h e a d .

30C h an d le r, H erm an, and  M ontroll (1958) and  Kometani and 

31 32S asak i '  (1958 , 1959) w ere  the  f ir s t  to  a llow  for p o ss ib le  in s ta b il i ty

in  ca r-fo llo w in g  by in troducing  a  re a c tio n  tim e in to  a lin e a r  c a r-fo llo w in g

33m odel. These re s e a rc h e rs  and  o th e rs  a n a ly zed  the  tra n s ie n t re sp o n se  of

the  fo llow ing car an d  th e  p ropaga tion  o f a s in u so id a l d is tu rb a n ce  down a

lin e  o f v e h ic le s .  E stim ates  for the  param eters of th e se  car-fo llo w in g  law s

w ere o b ta in ed  from a c tu a l tra ff ic  d a ta  by s ta t i s t ic a l  m e th o d s .

34Lee (1966) la te r  g e n e ra liz e d  the  p rev ious l in e a r  m odels by e x p re s s ­

ing  a v e h ic le 's  a c c e le ra tio n  a s  a  su p e rp o s itio n  in te g ra l invo lv ing  a memory 

func tion  m u ltip lied  by  th e  re la tiv e  v e lo c ity  a t  p rev ious tim e s .
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The f ir s t  n o n -lin ea r model for car-fo llo w in g  w as  p o s tu la ted  by 

35G a z is ,  H erm an, and P otts  (1959) to  provide a  b e tte r  c u rv e -f it  to  e x p e r i­

m ental s te a d y -s ta te  flow d a ta . A dditional n o n -lin e a r  m odels w ere p roposed
Og OQ

by sev e ra l re se a rc h e rs  ” in  the  follow ing y e a rs  and  some lim ited  in ­

v e s tig a tio n s  of the  dynam ics of tra ff ic  under n o n -lin ea r m odels have

40-42ap p eared  in  the  l i te ra tu re .

L im itations of B asic  C ar-fo llo w in g  M odels E sse n tia lly  a ll of 

the  above m odels a re  o f the form

XfcW

= \ n , n  [x k _l( t ) - x k< t)]n C*k-i(‘- T > - * k ( t - T n

ex ce p t for L e e 's  model g iven  by

t
xk(t) = J  M f t - X K ^ W - ^ U n d X  

o

The lin e a r  m odel, w ith  n=m=0, i s  ad eq u a te  in  d e sc rib in g  sm all flu c tu a tio n s  

from a s te a d y - s ta te  sp eed  bu t i s  u n re a lis t ic  w hen la rg e  ch an g es  in  v e lo c ity  

and  sp ac in g  o ccu r. The n o n -lin e a r  m odels o ffer an  ex ten d ed  range of 

a p p lic a b ili ty  a n d , in  a d d itio n , p red ic t an  in c re a se  in  the  av erag e  sp ac in g  

b e tw een  v e h ic le s  when the sp ee d  undergoes a p e rio d ic  p e rtu rb a tio n . How­

e v e r , the  a d v an tag es  o f the above m odels due to  th e ir  s im p lic ity  and 

m athem atica l tra c ta b il i ty  are  co u n te rb a lan ced  by th e ir  l im ita t io n s .

T hese m odels a re  lim ited  in  th a t r  and  X a re  fixed  q u a n tit ie s .

43It h a s  b een  found th a t X i s  d iffe ren t for a c c e le ra tio n  and  d e ce le ra tio n
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m aneuvers . The value  of re a c tio n  tim e shou ld  a ls o  be d iffe ren t for a c c e le r ­

a tio n  and  d e c e le ra tio n  b e c a u se  o f th e  sa fe ty  c o n sid e ra tio n  invo lved  in  a 

v e h ic le 's  re sp o n se  to  a slow dow n. Id ea lly  the  re a c tio n  tim e should  be 

d iv id ed  in to  com ponents o f p e rcep tio n  tim e and tim e to  e ffe c t the  con tro l 

re s p o n s e . Each of th e se  com ponent d e la y s  vary  among d iffe ren t s itu a tio n s  

and  d iffe ren t d riv e rs  and  ev en  depend  on the  sev e rity  of prior d is tu rb a n c e s .

Another lim ita tio n  is  the  fa ilu re  of the  above m odels to  co n stra in  

v e h ic le  a c c e le ra tio n s  to  be w ith in  th e  range of v e h ic le  p erfo rm ance .

These m odels a re  a ls o  lim ited  to  d e sc rib in g  a v e h ic le 's  re sp o n se  a s

a  v e lo c i ty -s e n s it iv e  mode w h ereas  in  re a li ty  the  v a ried  highw ay s itu a tio n s

dem and q u a lita tiv e ly  d iffe ren t re s p o n s e s .  R e a lis tic  m odeling req u ire s

em p h asis  on u n d erstand ing  d riv e r beh av io r to  the  e x ten t th a t s itu a tio n s  can

be d is tin g u ish e d  in  w hich  d riv e rs  r e a c t  to  d iffe ren t s tim u li. It h as  been

reco g n ized  th a t v e h ic le s  on a roadw ay  a re  no t a lw ay s in  the  car-fo llo w in g

44mode w here  they  respond  to  re la tiv e  v e lo c ity . M ich ae ls  (1963) an a ly zed  

th e  in form ation  u sed  by the  d riv e r in  th ree  d is t in c t  m odes: o v e rtak in g , 

s te a d y - s ta te  fo llow ing , and  re sp o n d in g  to  an a c c e le ra tio n  of the  car a h e a d .

Form ulation of th e  S im ulation  M odels M ost of the  d raw backs of 

th e  sim ple  ca r-fo llo w in g  m odels c an  be overcom e in  a com puter s im u la tion  

b e c a u se  the  co n s tra in t of m athem atica l tra c ta b il i ty  c an  be re la x e d . R eaction  

tim e and  s e n s it iv ity  can  be e a s i ly  v a ried  and can  d iffer am ong d r iv e rs , thus 

in tro d u cin g  a r e a l is t ic  random  a s p e c t  to  tra ff ic  flow . D ifferen t m odes of 

re sp o n se  c h a rac te riz ed  by d iffe ren t m athem atica l m odels c an  be e a s i ly  

im plem ented .
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In th is  s im u la tio n  a  v e h ic le  is  c o n s id e re d , a t  a  g iv en  tim e , to  be 

in  one o f th ree  p rin c ip a l m odes: the  ca r-fo llo w in g  m ode, the  d is ta n c e -  

d e te c tio n  m ode, or the  s ig n -fo llo w in g  m ode. In  th e  ca r-fo llo w in g  mode a 

v e h ic le  is  resp o n d in g  to  th e  m otion of the  ca r ahead ; in  the  d is ta n c e -  

d e te c tio n  mode a  v e h ic le  i s  a ttem p ting  to  modify the  sp ac in g  to  the  car 

ahead ; and in  the  s ig n -fo llo w in g  mode a v e h ic le  is  resp o n d in g  to  the  sp eed  

se tt in g  of an  ad v iso ry  s ig n .

The ca r-fo llo w in g  m odels a re  n o n -lin e a r  b u t red u ce  to  lin e a r  m odels 

for sm all p e rtu rb a tio n s  from a s te a d y - s ta te .  D e ce le ra tio n  and a c c e le ra tio n  

re s p o n se s  a re  com puted by d iffe ren t m o d e ls . The s ig n -fo llo w in g  model is  

p a tte rn ed  a f te r  a l in e a r  ca r-fo llo w in g  m odel w ith  th e  c o n s ta n ts  ap p ro p ria te ly  

m odified . V ariation among d riv e rs  i s  a ch ie v e d  by sp ec ify in g  a param eter 

appearing  in  th e  car-fo llo w in g  m odel and in  the  d is ta n c e -d e te c t io n  model 

a s  a random  v a r ia b le . Another random  v a riab le  de te rm in es  for e ac h  d riv e r, 

w hether or not he h eed s  th e  ad v iso ry  s ig n  s e t t in g s .

The m odels governing a v e h ic le 's  d y n am ics , a s  sp e c if ie d  by the  

lo g ic  of sub ro u tin e  G l ,  a re  d e sc rib e d  in  fu rther d e ta i l  in  the  fo llow ing 

s e c t io n s .

The C ar-fo llo w in g  M ode In  g en era l the  i - t h  v e h ic le  is  under­

going  ca r fo llow ing i f  the  ( i - l ) - t h  v e h ic le  is  a c c e le ra tin g  (or d ece le ra tin g ) 

a t  a  s ig n if ic a n t ra te  or if  th e  i - t h  v e h ic le  i s  s t i l l  re sp o n d in g  s ig n ific a n tly  

to  a  prior m aneuver of th e  ca r a h e a d .
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In order for th e  i - t h  v e h ic le  to  tra n s fe r  from th e  ca r-fo llo w in g  (CF) 

mode to  the  d is ta n c e -d e te c tio n  (DD) mode i t  is  req u ired  tha t: (a) th e  ( i - l ) - t h  

ca r have  | | < 1 .0  for th e  p rev ious 1 .0  second  and (b) the  i - t h  v e h ic le

have an  a c c e le ra tio n  w ith in  the  range  of th a t u sed  in  the  DD mode and 

(c) th a t  the  r a te  of ch ange  of v isu a l an g le  to  th e  ca r ah ead  be su ffic ie n tly  

sm all.

To com pute ACF, the  a c c e le ra tio n  due to  c a r-fo llo w in g , i t  is  f ir s t  

determ ined  w hether the  re sp o n se  w ill be an  a c c e le ra tio n  or a d e c e le ra tio n  

s in c e  th e  model i s  d iffe ren t for e a c h  of th e se  c a s e s .  In determ ining  ACF 

for the  i - t h  v e h ic le  the  e x p re ss io n  A v ( t- r )  = V j .^ t - r )  -  v ^ t- T )  is  ev a lu a te d  

for T= Ta and r =  T hese d iffe ren t v a lu e s  of r  re p re se n t th e  tim e lag  

a s s o c ia te d  w ith  a c c e le ra tio n  and d e c e le ra tio n . The v a lu e s  u sed  are  

Ta = 1 .4  s e c .  and  Td = 1 .0  s e c .

If A v(t-T d) i s  n eg a tiv e  th en  a d e ce le ra tio n  is  in d ic a te d . If bo th  

Av(t-Tjj) and Av(t-Ta ) a re  p o s itiv e  th en  an  a c c e le ra tio n  is  in d ic a te d . If 

A v ( t- rd ) > 0 and Av(t-Ta ) < 0  th en  ACF is  tak en  to  be ze ro .

C ar-fo llo w in g  D e ce le ra tio n  M odel For a d e c e le ra tio n  the  model 

for ACF is

ACF = FACTOR * A v ( t - r d)/HDRVi (3 -1 )

su b je c t to  m od ifica tions d is c u s s e d  b e lo w . The c o n s ta n t HDRVj , term ed th e  

headw ay fa c to r , i s  g e n e ra te d  for e a c h  v e h ic le  a s  an  in d ep en d en t sam ple 

from a sp e c if ie d  p ro b ab ility  d e n s ity  fu n c tio n . The term  FACTOR acco u n ts



29

for the  d iffe ren ce  be tw een  th e  d r iv e r 's  d e s ired  sp ac in g  to  the  re a r  bum per 

of the  ca r a h e a d , SD , and the  a c tu a l s p a c in g , SA. T hese  sp ac in g s  are 

g iven  by

SD ® HDRVi x Vi_j(t)

SA s  xj_ i( t) -  x ^ t)  -  20

U sing  th is  n o ta tio n , FACTOR is  e x p re sse d  as

1 .0  for Vi_j(t) < 20

20 . r .  20 - irS D -
FACTOR =

The q u an tity  FACTOR b ia s e s  the  d e ce le ra tio n  acco rd ing  to  w hether the

in te r -v e h ic le  sp ac in g  i s  la rg e r or sm alle r th an  d e s ire d . FACTOR v a r ie s  

SDfrom 1 .0  to  “  a s  v1_1(t) in c re a s e s  from zero  tow ard in f in ity . A lso ,w hen  

SD = SA i t  i s  no ted  th a t FACTOR = 1 . 0 .

The d e c e le ra tio n  o f v e h ic le  i i s  m odified in  c e r ta in  c a s e s  if  the  

a c c e le ra tio n  o f th e  car ah ead  is  n e g a tiv e . If SA/SD is  l e s s  th an  1 . 6 ,  the 

v a lu e  of ACF g iven  by E q .(3 -1 ) i s  m odified by ad d itio n  of th e  q u an tity

FCTR « = J 1 ' * ’  S6A /SP  « , . ,( ! )

FCTR-varies from 0. 338 w hen SA/SD = 0 .5  to  0 .2 5  w hen SA = SD to  zero

w hen SA/SD = 1 . 6 .  This term  acco u n ts  for an  an tic ip a to ry  re a c tio n  due to  

c a r  ( i-2 )  s in c e  a1_1(t) i s  p roportional to  V j ^ t - r )  - v i _1( t - r ) .  The te r m

FC T R  is  p lo tte d  in  F ig . 3 -1 .



FCTR

0 . 4 -

0 .3 . .

0 . 2- -

0 . 1- -

SA/SD0 .4 0 . 8 1 . 61 . 2

F ig .3-1  A nticipatory  fac to r u se d  in  d e c e le ra tio n  model
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The m agnitude o f d e c e le ra tio n s  a re  lim ited  to  be l e s s  th an  10 f t / s e c 2 

u n le s s  an  un safe  sp ac in g  co n d itio n  e x is ts  or u n le s s  the  v e h ic le  i s  s t i l l  

resp o n d in g  to  a prior u n sa fe  sp ac in g  s itu a tio n . The minimum sa fe  sp ac in g  

is  g iv en  by

SSAFE = - f -  C v f - i t t J - V i ^  + C a n - a i W l ^ V i ^  + a i t t l r l r }
m

Then SSAFE e q u a ls  th e  minimum in te r -v e h ic le  sep a ra tio n  needed  to  avo id  a 

c o llis io n  i f  v e h ic le  ( i-1 ) su d d en ly  d e c e le ra te s  to  a s ta n d s t i l l  a t th e  ra te  of 

a m = -2 4  f t / s e c 2. V ehicle i i s  a ssu m ed  to  d e c e le ra te  a t am = -2 4  f t / s e c 2 

a fte r a minimum re a c tio n  tim e of r =  0 . 45  s e c .  The sm all re a c tio n  tim e is  

app ro p ria te  s in ce  the  d r iv e r 's  foo t i s  a lread y  on the  b rak e .

If th e  car ah ead  is  a c c e le ra tin g  and i f  V j( t )  is  l e s s  th a n  v i _| ( t ) ,  

ev en  though Vj w as g re a te r  th an  Vj_x a t  t - r ^ ,  th en  th e  m agnitude of the  

p rev io u s ly  com puted d e c e le ra tio n  i s  d e c re a se d  by m ultip ly ing  ACF by the  

q u an tity

r  a i —i( ft)
1 - — -7—  for 0 < ai - i ( t )  < 4 . 0

FT =
for a i- i( f )  > 4 . 0

C ar-fo llo w in g  A cce le ra tio n  M odel For an  a c c e le ra tio n  th e  model 

for ACF is

ACF =
A v(t-T a )/HDRVi x [ l  -  x AAV̂ [ a>]  for A v ( t - r a )< 2 * AMAX * HDRVj

AMAX for A v (t-T a ) >  2 x AMAX * HDRVj
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w here AMAX is  th e  maximum a c c e le ra tio n  of w hich  v e h ic le  i i s  cap ab le  

and  is  g iv en  by

The v a lu e  of ACF may be in c re a s e d , to  a maximum of 2 .0  f t / s e c 2, i f  the  

sp ac in g  to  the  car a h ea d  i s  la rg e r th an  norm al. If SA/SD i s  g re a te r  than  

1 . 2 ,  the  q u an tity  FA is  com puted a s

If FA is  g re a te r  than  ACF th e n  ACF is  in c re a se d  to  FA.

If SA/SD is  l e s s  th an  1 .6  and  the  car ah ead  i s  d e c e le ra tin g  and if  

V j ( t )  i s  g re a te r  than  V j _ | ( t ) ,  even  though vA w as l e s s  than  v i_x a t  t - r a ,  

th en  the  p rev iously  com puted a c c e le ra tio n  is  d e c re a se d  (to  a minimum 

of 0) by  m ultip ly ing  ACF by the q u an tity

mode a v e h ic le  re sp o n d s  to  th e  cu rren t spac in g  be tw een  h is  v e h ic le  and 

th e  ca r a h ea d . If th is  spac in g  is  re a so n a b ly  c lo se  to  the  d e s ired  sp ac in g  

th en  the  v e h ic le  co n tin u es  a t  c o n s ta n t s p e e d . O therw ise th e  v eh ic le  

in i t ia te s  a  m aneuver to  in c re a se  or d e c re a se  the  sp a c in g .

In  g en era l a v e h ic le  i s  in  th e  DD mode i f  th e  a b so lu te  m agnitude of

AMAX = 1 2 . 4 - 0 . 0 9 1 3  v ^ t)  f t / s e c 2

FA =
'  10(SA /SD - 1 .2 )  for 1 .2  < SA/SD < 1 .4

2 .0  for SA/SD a 1 .4
S

for -4  < a i_ ,(t) < 0

FS = J

0 for ai - i ( t )  s  - 4\

The D is ta n c e -d e te c tio n  M ode In the  d is ta n c e -d e te c t io n , DD
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th e  a c c e le ra tio n  of th e  car ah ead  h a s  b een  l e s s  th an  1 .0  f t / s e c 2 during 

th e  p rev ious se c o n d . A v e h ic le  tra n s fe rs  from th e  DD mode to  the  CF 

mode w hen the  above co nd ition  is  v io la te d  and th e  a c c e le ra tio n  due to

car-fo llo w in g  is  o u ts id e  th e  ran g e  of th a t  p o ss ib le  in  the  DD sub-m ode

th a t  the  v e h ic le  w as in .

The DD mode i s  d iv ided  in to  su b -m o d es 1 , 2 , 3 , 4 ,  and  5.  The i - t h  

v e h ic le  is  in  mode 1 i f  i ts  a c tu a l s p a c in g , DA, and d e s ire d  sp a c in g , DD, 

to  th e  car ah ead  a t th e  cu rren t tim e s a t is fy

0 . 85  + l / [ v i-1 ( t)+  1 0 ] <  DA/DD < 1 . 2

w here

DA = SA + 20 = x ^ t )  - x ^ t )

DD = SD + 20  = HDRVj x v ^ t )  + 20

In th is  mode th e  v e h ic le 's  a c c e le ra tio n  i s  z e ro .

A v e h ic le  tra n s fe rs  to  mode 2 i f  i t  b eg in s  follow ing too  c lo se  to  the  

c a r a h ea d . In mode 2 the  v e h ic le  d e c e le ra te s  acco rd in g  to

’’ 0 .8  ( - .  03114 Vi(t) -  0 . 390) for v t (t) > 2 7 . 6 3
a i(t) = (3 -2 )

- 1 . 0  for Vi(t) £ 27 .63

This va lue  of a*(t) approx im ate ly  e q u a ls  e ig h ty  p e rcen t o f the  d e c e le ra tio n  

ob ta in ed  by rem oving the  foot from the  a c c e le ra to r  w ithou t app ly ing  the  

b ra k e . In mode 2 the  v e h ic le  d e c re a se s  i t s  sp eed  so  th a t th e  sp ac in g  to  

th e  c a r  ahead  in c re a s e s  u n til the  co n d itio n

DD -  DA < ”  [ Vi(t) - v U l( t ) ] 2 (3 -3 )
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i s  s a t i s f ie d .  At th is  tim e the  v e h ic le  tra n s fe rs  to  mode 3 . In mode 3 the  

i - t h  v e h ic le  a c c e le ra te s  a t  2 .0  f t / s e c 2 , w h ile  th e  in te r-v e h ic le  sp ac in g  is  

s t i l l  in c re a s in g , u n til vA(t) *  V j _ i ( t ) .  At th is  tim e , due to  th e  condition  of 

E q .(3 -3 ) , the  sp ac in g  i s  su ch  th a t DA *D D  and the  v e h ic le  tra n s fe rs  to  

mode 1.

A v e h ic le  is  in  mode 4 i f  i t  i s  too  far from the  car a h ea d . In th is  

mode a v e h ic le  b eg in s  to  c lo se  th e  gap by a c c e le ra tin g  a t  2 .0  f t / s e c .  w ith  

th e  re s tr ic tio n  th a t i t s  sp eed  be no t more th an  1 2 . 0  f t / s e c .  g rea te r than  

th a t of th e  v e h ic le  a h e a d . At th e  ap p ro p ria te  tim e the  v e h ic le  tra n s fe rs  to  

mode 5 . In  mode 5 the  v e h ic le  d e c e le ra te s  by e ig h ty  p e rcen t of fu ll engine 

b rak in g , acco rd in g  to  E q .(3 -2 ) , u n til v^(t) * v i _ l( t) .  The point of sw itch ing  

from mode 4 to  mode 5 is  ch o sen  su ch  th a t  DA *  DD w hen v^ *  v ^ . The 

v e h ic le  n ex t tra n s fe rs  to  mode 1.

The H eadw ay Factor The headw ay fac to r HDRVj ap p ea rs  in  the 

m odels of bo th  th e  ca r-fo llo w in g  and  th e  d is ta n c e -d e te c tio n  m odes. The 

co rresp o n d en ce  b e tw een  th e  dynam ic car-fo llo w in g  law  and the  s te a d y -s ta te  

s p e e d -sp a c in g  re la tio n sh ip  i s  now show n.

For sm all p e rtu rb a tio n s  from a s te a d y -s ta te  sp eed  the  car-fo llo w in g  

la w s  for bo th  d e ce le ra tio n s  and a c c e le ra tio n s  red u ce  to  the  lin e a r form

ACF = a i(t) = A v(t-T)/H D RV i = [ v ^ t - T )  -  v ^ t - T ) ] / HDRVi (3 -4)

Assum e th a t v e h ic le  i -1  i s  in i t ia l ly  a t  c o n s ta n t sp eed  and undergoes 

a  sm all change in  sp eed  to  a  new s te a d y - s ta te  v a lu e . V ehicle i re sp o n d s
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acco rd in g  to  E q .(3 -4 ) and  ev en tu a lly  a tta in s  the  sam e s te a d y -s ta te  speed  

a s  v eh ic le  i - 1 .  The change in  sep a ra tio n  b e tw een  th e se  v e h ic le s  for th is  

tra n s itio n  i s  found by in te g ra tin g  E q .(3 -4 ) to  o b ta in

A S = HDRV* x A v 

w here S is  the  sep a ra tio n  be tw een  front bum pers o f v e h ic le  i-1  and 

v eh ic le  i .  This r e s u l t  is  c o n s is te n t w ith  th e  s te a d y -s ta te  sp e e d -sp a c in g  

law  g iven  by

DD = HDRVi x v t . !  + 20 

w here DD is  the  d e s ired  s te a d y -s ta te  s e p a ra tio n .

T h u s, for sm all p e r tu rb a tio n s , th e  ca r-fo llo w in g  law  th a t d e te r­

m ines a v e h ic le ’s re sp o n se  a ls o  a s s u re s  th a t the  final sp ac in g  is  co rrec t 

for the new  s te a d y - s ta te  v e lo c ity . For la rg e r p e rtu rb a tio n s  the  c a r-fo llo w ­

ing  law s becom e n o n -lin e a r  and  r e s u l t  in  a la rg e r change in  sp ac in g  than  

i s  d e s ire d . In  th e se  c a s e s ,  a f te r  com pleting  the  ca r-fo llo w in g  re s p o n se , 

the  v e h ic le  tra n s fe rs  to  the  d is ta n c e -d e te c t io n  mode to  a d ju s t  i t s  s te a d y -  

s ta te  sp a c in g .

The fac t th a t  HDRV may be a  random  v a riab le  a llo w s for v a ria tio n  

in  dynam ic re sp o n se  and s te a d y -s ta te  follow ing among d riv e rs . The 

average  v a lu e  of HDRV de term in es  th e  ra te  a t  w hich  v e h ic le s  are 

g en era ted  a s  ex p la in ed  in  S ec tio n s  2 .2  and 3 . 2 .

Sign Follow ing After a  v e h ic le 's  a c c e le ra tio n  h a s  been  

com puted in  e ith e r  the  ca r-fo llo w in g  or the d is ta n c e -d e te c tio n  m ode,
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con tro l i s  tran sfe rred  to  th e  s ig n -fo llo w in g  lo g ic . If ad v iso ry  s ig n  con tro l 

i s  being  u sed  the  v e h ic le 's  a c c e le ra tio n  due to  a  s ig n , ASIGN, is  then  

d e term ined . The m athem atica l model for the  re sp o n se  to  a s ig n  s e tt in g  is  

p re sen ted  in  C hap ter 4 .

To determ ine th e  e ffe c t of vary ing  the le v e ls  of d riv e r com pliance 

on th e  perform ance im provem ent due to  s ig n  co n tro l, th e  random  v a riab le  

COMPLY is  in co rp o ra ted  in to  the s im u la tio n . For e a c h  v e h ic le  a sam ple 

of th e  random  v a riab le  i s  g e n e ra te d , hav ing  th e  v a lu e  ze ro  or o n e , w hich  

d e term ines w hether a  d river fo llow s or ig n o res  th e  s ig n  s e t t in g s . The 

e x p ec ted  v a lu e  of COMPLY is  PCMPLY w hich  is  the  frac tio n  of d rivers  

th a t  re sp o n d  to  the  s ig n s . PCMPLY is  an  inpu t param eter to  th e  program .

O verall A cce le ra tio n  In acco rd  w ith  th e  ph ilosophy  th a t th e  

s ig n s  a re  u sed  to  w arn of im pending slow dow ns ra th e r th an  to  a ttem p t to  

sp ee d  up tra f f ic , the  o v era ll a c c e le ra tio n  a t  a sp e c if ic  tim e is  g iven  by

ai(t) = min [ASIGN, A]

w here A re p re se n ts  th e  a c c e le ra tio n  in  e i th e r  th e  CF mode or DD mode a s  

is  ap p ro p ria te .
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3 . 2  G e n e r a t i o n  o f  H e a d w a y  F a c t o r s

The prim ary goal of the  s im u la tio n  i s  to  com pare the  v e h ic le s ’ 

perform ance under ad v iso ry  s ig n  con tro l to  th a t w ith o u t co n tro l. There­

fore a com puter run w ith  contro l m ust s ta r t  w ith  th e  sam e in i t ia l  con­

figu ra tion  of v e h ic le s  a s  i ts  co u n terp art w ithou t s ig n  co n tro l.

This requ irem en t im p lies  th a t a ll  v e h ic le s  m ust be on the highw ay 

before the s ta r t  of the le ad  v e h ic le 's  m aneuver. O therw ise the  re s u lts  

w ith  and  w ithout s ig n  con tro l w ould no t be d ire c tly  com parable s in c e  w hen 

a d is tu rb an ce  p ro p ag a tes  b ack  to  the h ighw ay en tran ce  som e v e h ic le s  may 

be d e lay ed  in  en tering  the  roadw ay . The d e lay  w ith  s ig n  con tro l is  d iffe r­

e n t from the  d e lay  w ithou t s ig n  con tro l b e c a u se  o f the  d iffe ren t m anner in  

w hich  flow d is tu rb a n ce s  p ro p a g a te .

Thus i t  is  a ssu m ed  th a t a l l  v e h ic le s  e n te r  th e  highw ay a t  the 

sam e sp ee d  V and p roceed  a t  c o n s ta n t sp ee d  u n til a l l  c a rs  are on the  

roadw ay . A v e h ic le 's  sp a c in g , or tim e g a p , upon en terin g  the  highw ay is  

eq u a l to  the  d r iv e r 's  d e s ired  sp ac in g  for th e  en te rin g  sp ee d  V. The h ead ­

w ay fac to r H , w hich  d e term ines the  d e s ire d  sp ac in g  and the  s e n s it iv i ty  to 

c a r-fo llo w in g  m an eu v ers , is  the  random  v a riab le  th a t  d iffe re n tia te s  among 

d r iv e r s .

By sp ec ify in g  the  en terin g  sp eed  and  the  m ean v a lu e  o f the  headw ay 

f a c ta : ,  the  av erag e  ra te  a t  w h ich  v e h ic le s  e n te r th e  roadw ay is  d e term ined , 

a s  ex p la in ed  be low . The d is c u s s io n  in  th is  s e c tio n  re la te s  the  r a te ,  D , 

a t  w hich  v e h ic le s  e n te r  the  h ighw ay , c a lle d  the  dem and , to  HBAR, the
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av erage  v a lue  of the  headw ay fa c to r.

It i s  em phasized  th a t D re p re se n ts  the  ra te  a t  w hich  v e h ic le s  

are  g en era ted  a t the  e n tran ce  under p e rtu rb a tio n -free  c o n d itio n s . After 

the  le a d  v eh ic le  beg in s  i t s  m aneuver the  fo llow ing v e h ic le s  can  no 

longer m ain tain  th e ir  d e s ire d  sp a c in g s  and  the re su ltin g  flow ra te s  are in  

the  range of 1400 to  1700 v e h ic le s  per hour, c o n s id e rab ly  below  D.

Under the  a ssu m ed  co n d itio n s  for en te rin g  v e h ic le s  th e  sp ac in g  

(front bumper to front bumper) be tw een  the  ( i - l ) - t h  and  the i - t h  v eh ic le  

is  g iven  by dj = HDRVj * V+20 .  In th is  e x p re ss io n  HDRVj i s  a sam ple of 

a random  v ariab le  H w ith  p ro b ab ility  d e n s ity  func tion  f(h ) . The p a rtic u la r  

form of th is  d e n s ity  function  and  the  m anner in  w hich  i t s  sh ap e  depends 

on D i s  d is c u s s e d  in  d e ta il  be low .

The tim e headw ay a t  the  en tran ce  be tw een  v e h ic le  i-1  and  v eh ic le  

i i s  ti  = d i/V  = HDRVi + 2 0/V . S ince V is  th e  sam e for a ll  en te rin g  cars  

the  averag e  tim e headw ay a t  the  e n tra n ce  i s  T = HBAR+ 20/V  w here HBAR 

is  the  ex p ec ted  value  of the  headw ay fa c to r. The averag e  flow  a t th is  

po in t is  D = 1/T = 1/(H BA R+20/V ). To y ie ld  a  sp ec if ie d  v a lue  o f D 

req u ire s  th a t th e  en terin g  headw ays s a t is fy  HBAR = 1 / D - 2 0 / V  w here D is  

in  u n its  of s e c -1 ( i . e .  v e h ic le s  per s ec o n d ). It i s  no ted  th a t s in c e  the  

s iz e  o f the  gap  be tw een  c a rs  i s  H x V th e  tim e headw ay of the  gap  is  

Tg = H and thus Tg and  H have the  sam e d is tr ib u tio n .
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The d e n s ity  fu n c tio n  ch o sen  for H is  show n in  F ig . 3 -2 . The 

v a lu e s  of HMIN and  HMODE are fixed  g iven  q u a n ti t ie s .  HMIN is  the  

s m a lle s t headw ay fac to r a llow ed  or the  minimum tim e gap  be tw een  th e  

rea r bum per o f the  ca r ah ead  and th e  front bum per of th e  follow ing c a r . 

HMODE is  the  m ost lik e ly  v a lu e  of the  headw ay fa c to r . The v a lu e s  

HMIN = 0 . 3  and HMODE = 1 . 0  are  ta k en  to  be  re a so n a b le . The maximum 

headw ay fac to r is  a v a riab le  w h ich  is  de term ined  once D is  

sp e c if ie d .

This app ro ach  i s  ju s tif ia b le  for th e  fo llow ing r e a s o n s .  At any 

v a lue  of flow or sp eed  th e re  w ill a lw ay s be a p e rcen tag e  of d riv e rs  who 

follow  w ith  a  minimum tim e g a p , ta k e n  here  to  be 0 .3  s e c .  Suppose th a t 

for a  fixed  sp eed  V the  headw ay fac to r d e n s ity  h a s  mode = HMODE and 

max h = HMAX2 (s e e  F ig .3 -2 ) w hich  de term ines D2 . To have  a  la rg e r dem and 

D* for th e  sam e en te rin g  sp ee d  re q u ire s  a la rg e r av erag e  d e n s ity  (sm a lle r 

HBAR). The flow w ith  sm alle r HBAR w ill be  c h a ra c te r iz e d  by th e  e lim in a tio n  

of the  la rg e  g a p s . From o th e r re s e a rc h e rs ' w o rk 4** i t  i s  known th a t the 

mean headw ay of c lo se  follow ing v e h ic le s  rem ains e s s e n t ia l ly  c o n s ta n t a s  

flow c h a n g e s . By keep ing  th e  mode fixed  th e  m ean tim e gap  of th o se  

v e h ic le s  w ith  h <  HMODE w ill rem ain  c o n s ta n t a s  D c h a n g e s .

This i s  show n by co n sid e rin g  th e  co n d itio n a l headw ay d is tr ib u tio n  

F j^y) de fin ed  by

Fy (y) = P r[H  s  y /H  < HMODE] (3 -5 )



Dx = 2400 v eh /h r

0 .4 D2= 1800 veh /hr

0.2

HMIN= .3 HMODE =1.0 HMAXx

Fig . 3-2 Headway factor density function

©
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The E£Y} I s g iv en  by

E{Y} = HMIN+ §  [HM ODE-HM IN] (3 -6 )
u

w hich  is  in d ep en d en t o f HMAX and D . S ub stitu tin g  th e  assu m ed  v a lu es  

HMIN = 0 .3  and HMODE = 1 .0  in  E q .(3 -6 ) g iv e s

E[Y) = 0 .767  s e c .

a s  th e  e x p ec ted  headw ay  fac to r or tim e gap  for th o se  v e h ic le s  w ith  head ­

w ays l e s s  th an  the  m odal headw ay . For th e s e  v e h ic le s  th e  ex p ec ted  

tim e headw ay (fron t bum per to  front bumper) i s

E { Y + ~ } =  0 . 767  + ~  s e c .

The headw ay fac to r d is trib u tio n  function  i s  show n in  F ig . 3 -3 . From the  

d e n s ity  fu n c tio n , th e  m ean v a lu e  of the  headw ay fac to r or tim e gap  is  

com puted a s

HBAR = j  [HM IN + HMODE + HMAX] (3 -7 )

Thus HMAX is  de term ined  by the  assu m ed  v a lu e s  for HMIN and HMODE 

and  th e  d e s ire d  v a lu e  of HBAR to  y ie ld  a  sp ec if ie d  D . From E q .(3 -7 )

HMAX = 3 HBAR -  HMIN -  HMODE

w here

As an  ex am p le , su p p o se  the  en tering  v e lo c ity  is  50 m i/h r =

73 . 3  f t / s e c .  and the  d e s ire d  average  flow in p u t i s  D = 1800 v e h ic le s /h r  =

1 200 .5  v e h ic l e s / s e c .  Then HBAR = ~Q- g -  ?3 3 = 2 . 0 - 0 . 2 7 3  = 1 .73  s e c .
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m

1.0

HMODE-HMIN
HMAX-HMIN

HMIN HMODE HMAX

Fig. 3-3 Headway fac to r distribution function

f(b)

0 .5 5 8

2.0 3.0

F ig . 3 -4  H eadw ay fac to r d e n s ity  function  for D = 1800 v e h /h r ,
V = 50 m i/h r
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and  HMAX = 3( 1 .73) -  0 . 3 - 1 . 0  = 3 .8 9  s e c . The av erag e  tim e headw ay 

i s  T = 1 /D  = 2 .0  s e c .  The d e n s ity  function  far H i s  show n in  F ig .3 -4 . 

The d is trib u tio n  func tion  F ^ h )  i s  found by in te g ra tio n  to  be

FH<h> =

(HMAX - 'h MiT h M OD E- HMIN) for HMIN £ h £ HMODE

(3-8)

1 " (HMAX -  HMIN) (HMAX -  HMODE) f° r  HMODE HMAX

E valuating  F ^ h )  a t  h = HMODE g iv es

F/HMODE1 -  HM O D E-H M INF(HMODE) -  HMAX.  HMIN (3-9)

From th e  above re s u l ts  Fjj(HMODE= 1) c an  be p lo tted  v e rsu s  

HMAX. This i s  the p ro b ab ility  th a t  a headw ay  fac to r (or gap) i s  l e s s  than  

th e  mode (assu m ed  to  be 1) v e rsu s  the  maximum headw ay fa c to r. U sing 

HMIN = 0 .3  and HMODE = 1 E q .(3 -9 ) g ives

F(HMODE = l )  = HMy _ 0 3

w hich  i s  p lo tted  in  F ig . 3 -5 . S ub stitu tin g  for HMAX in  term s of D a s  g iven  

by
q fjr]

HMAX = 3 HBAR -  HMIN -  HMODE = g -  -  y -  -  1 .3

y ie ld s

F( HMODE = 1) =

D V "

For V = 50 m i/h r = 7 3 .3  f t / s e c .  th is  becom es
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F(HMODE-l)
1 - 0

0.2

 _________      HMAX
2. \  (? 10 12. '(»ec)

F ig .3-5 • Probability that Headway Factor la Leas than 1 v s . HMAX

F(HMODE=l)

ft 2

Soo  1000 ISOO 3000 2SOO (veh/hr)

F ig . 3-6: Probability that Headway Factor is  Leas than 1 v a . D
for V a  so m i/hr
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■MAX (mo)
14-f

20

o 400 0Oo 1200 /6O0 2000 2fO 0 fra k /k i)

• P ig . 3-7 Maximum Headway Factor v o . D avd Maximum Tim e Headway w #  D
for V = 50 m l/hr
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F( HMODE = 1) = ----

D - 2 -42

w hich  i s  p lo tted  in  F ig . 3 -6 .

Figure 3 -7  is  a p lo t o f th e  maximum headw ay fac to r (or gap) a s  a 

func tion  of the dem and ra te  for V = 50 m i/h r .

HMAX = 3 HBAR -  HMIN -  HMODE

= 3( 5 - f ) - l -3= | - 2-12

Also show n on F ig .3 -7  is  TMAX, the  maximum headw ay (se co n d s) v e rsu s  

D (for V =50 m i/h r) , a s  g iven  by

2 0
TMAX = HMAX + y -  = HMAX + 0 .2 7 3

46D ata  from M ich igan  freew ays ag ree  w e ll w ith  our assu m ed  

d e n s ity  fu n c tio n . The M ich igan  s tu d ie s  found th a t approx im ate ly  2 /3  of 

the  v e h ic le s  are  sp aced  a t  l e s s  th an  the  m ean headw ay  for a w ide range  of 

averag e  flow . From our d e n s ity  function

Pr [Tg < F ]  = Pr [H < HBAR] = F(HBAR)

=  1 -
(HMAX -  HBAR)

(HMAX -  HMIN)( HMAX -  HM ODE) 

S u b stitu tin g  HMIN = 0 .3 ,  HMODE = 1 .0  g iv es

HBAR = ^  -  0 .2 7 3  (for V = 50 m i/hr)

HMAX = 3 HBAR -  HMIN -  HMODE = ^ -  ~ - - 1 . 3  = | p  -  2 .1 2
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F(HBAR) = 1 -
( ^ - 1 . 8 5 ) 2

( p  “ 2 . 42)("j=j -  3 .1 2 )

This i s  p lo tted  in  F ig .3 -8 . I t is  see n  th a t F(HBAR) i s  e s s e n t ia l ly  c o n s ta n t 

a t  0 .5 5  over a w ide range  of dem and r a te .  The fac t th a t F(HBAR) is  co n ­

s ta n t  a g re e s  w ith  th e  M ich igan  s tu d ie s  and th e  a c tu a l v a lue  of 0 .5 5  is  no t 

fa r from th e ir  range  o f 0 .6 4  -  0 .6 9 .

The headw ay d is tr ib u tio n s  for d iffe ren t 1 m inute flow ra te s  o b ta ined  

in  th e  M ich igan  s tu d y  a re  show n in  F ig . 3 -9 . The v a ria tio n  in  th e  sh ap e  of 

th e  d e n s ity  function  for d iffe ren t flow ra te s  i s  s im ila r to  th a t o f our pro­

p o sed  d e n s ity  fu n c tio n . I t is  no ted  th a t the  M ich igan  study  g iv e s  the  h e ad ­

w ay d e n s ity  function  w h ereas  we g ive  the  headw ay fac to r (or gap) d e n s ity  

fu n c tio n . A d ire c t com parison  is  no t p o ss ib le  s in c e  i t  i s  n o t known a t  w hat 

sp ee d  the  m easured  flow le v e ls  w ere a tta in e d .

It i s  s e e n  th a t  th e  modal headw ay v a rie s  be tw een  1 .2  and 1 .7  s e c  

for la n e s  2 and 3 for flow s be tw een  1000 and 2000 v e h ic le s /h o u r . W e have 

assu m ed  HMODE = 1 and  thus t mode = HMODE + 20 /V . T abu la ting  tmo(j e 

for a  re a so n a b le  range  of V g iv es

V (ft/sec )

90 1 . 22

70 1 .29

50 1 .4 0

30 1 . 67

w h ich  show s a ran g e  of t mo(je s im ila r to  the  M ich igan  s tu d y .
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Fig .3-8 Probability that Headway is  Less than Mean 
Headway v s . D for V = 50 m i/h r
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Fig. 3-9 Headway Density Function v s . D
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Our d e n s ity  function  a ls o  a g re e s  w ith  the  M ich ig an  s tudy  in  th a t 

(1) the  mode i s  a lw ays le s s  th an  the  m edian headw ay and  (2) the  m edian 

is  l e s s  th an  the  m ean headw ay .

T hu s, having  made a good c a se  for our p roposed  d e n s ity  function  

the  p rocedure for g en era tin g  en te rin g  headw ays is  g iv en  be low .

1 . C hoose  ap p rop ria te  v a lu e s  for en te rin g  v e lo c ity  V and  en te rin g  flow 

ra te  D .

1 90
2 . Then com pute HBAR = ^  -  y -  and  HMAX = 3 x HBAR -  HMIN -  HMODE 

= 3 x HBAR -  1 . 3 .  The d e n s ity  func tion  for headw ay fa c to r , f(h ), 

and  F(h), are  th u s  com plete ly  d e term ined .

3 . G en era te  a pseudo-random  number R in  the  in te rv a l ( 0 , 1 ) .

4 .  C a lc u la te  h = F -1(R). Then h = F -1(R) is  a sam ple from f ( h ) . [S e e  

F ig . 3 -1 0 ]  .

5 . C a lcu la te  d = hV+20 a s  the  d is ta n c e  headw ay for th is  v e h ic le  a t  the 

e n tra n c e . R epeat s te p s  3 , 4 , 5 to  g en e ra te  s u c c e s s iv e  v e h ic le s .

It i s  no ted  th a t th is  d e n s ity  func tion  is  p roposed  to  re p re se n t the 

headw ay fac to r (or gap) d e n s ity  on a ty p ic a l lan e  o f a m u lti- la n e  ex p ressw ay  

under n o n -c o n g e s te d  co n d itio n s .



51

F(h)

1 . 0

R

0 .3 HMAX

F ig . 3-10 Generating sam ples from  f(h)
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CHAPTER 4

DERIVATION AND APPLICATION OF THE SIGN CONTROL ALGORITHM

4 . 1  A c c e l e r a t i o n  N o i s e  a s  a n  I n d e x  o f  P e r f o r m a n c e  

A q u a n tita tiv e  m easure of sm o o th n e ss , com fort, and  sa fe ty  for a

in  the  tra ff ic  flow f ie ld . This m easure  is  term ed a c c e le ra tio n  n o ise  and is  

g iv en  by

w here "a i s  the  tim e av erage  of a(t) over the  in te rv a l (0 ,T ) .

From E q .(4 -1 ) i t  i s  s e e n  th a t a 2 is  m inim ized w hen a(t) = c o n s ta n t = eo 

This optimum canno t be  p ra c tic a lly  a tta in e d  s in c e  a d riv e r i s  forced  by the  

b ehav io r o f o ther d riv e rs  to  d e c e le ra te  and a c c e le ra te  during  h is  tr ip . Al­

though  i t  i s  the ro le  o f s ig n  con tro l to  l e s s e n  th e se  p e rtu rb a tio n s , th ey  

canno t be com plete ly  e lim in a ted . C o n ce p tu a lly , the  on ly  w ay to  com pletely  

avo id  the  e ffe c t of the  c a r  ah ead  is  to  a llow  su ff ic ie n t in te rv e h ic le  sp ac in g  

so  th a t  any  fo re see a b le  d e c e le ra tio n  d is tu rb an ce  w ould be c a n c e lle d  by a 

su cc e ed in g  a c c e le ra tio n  before th e  gap  is  c lo s e d . Such a  sy stem  is  

im p rac tic a l and perm its only  very  sm all v a lu e s  of flow .

The a c c e le ra tio n  n o ise  may a ls o  be e x p re sse d  a s

d river over an  e n tire  tr ip  h as  b een  proposed  by re se a rc h e rs
1 8 ,2 2 ,3 0 ,3 3 ,4 7 -4 9

(4-1)

T
a 2 [ a ( t ) ] 2d t -  [ a ] 2

o
(4-2)
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Over a re a so n a b ly  long  tr ip  the  av erag e  a c c e le ra tio n  g iv en  by

-  1 J  ......... v m - v ( O )a = ~  J  a(t) d t = y w t  * '

w ill be  sm all and th e  seco n d  term  in  E q .(4 -2 ) c an  be n e g lec te d  g iv ing

l  T
o 2 = ^ J*  [ a ( t ) ] 2 d t (4 -3 )

o

For o ther re a so n s  i t  is  d e s ira b le  to  om it ¥  in  the  form ulation  of a c ­

c e le ra tio n  n o is e . It i s  u n reaso n ab le  to  co n s id e r tw o tr ip s  eq u a lly  sm ooth if  

one h a s  a(t) s  o and th e  o th er h a s  a(t) = c o n s ta n t, y e t  bo th  of th e se  c a s e s  

g iv e  a 2 = 0 u sing  E q .(4 -1 ) . H enceforth  th e  term  a c c e le ra tio n  n o ise  w ill re fe r 

to  th a t g iven  by E q .(4 -3 ) .

I t i s  no ted  th a t the  q u an tity  T re fe rs  to  th e  to ta l d u ra tio n  of th e  trip  

and  not only  to  the  du ra tion  of n o n -z e ro  a c c e le ra tio n . Thus a 2 i s  more 

ap p ro p ria te ly  term ed "av e rag e"  a c c e le ra tio n  n o is e . The av erag e  a ttr ib u te  

a llo w s the  d ire c t com parison  of v a lu e s  of a 2 for tr ip s  o f d iffe ren t d u ra tio n  a s  

i s  i l lu s tr a te d  b e lo w . For the  th ree  a c c e le ra tio n  w aveform s d e p ic ted  in  

F ig .4 - 1 ,  i f  a ll  tr ip s  have the  sam e d u ra tio n  2T, th en  the  v a lu e s  o f a 2 a re

-  **
4  - a2 

4  = 2A2

H ow ever i f  c a s e  A re p re se n ts  a tr ip  of du ra tio n  T th en

and  th e  sh o rte r tr ip  h as  the  sam e v a lu e  of o2 a s  c a s e  B.
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ai

+A

- A

a(t)

+A

- A

Fig. 4-1 Acceleration waveforms
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In g en e ra l a  d r iv e r 's  t r ip ,  w hether or no t under s ig n  c o n tro l, can  be 

sep a ra te d  in to  segm en ts  of tim e during w hich  th e  v e h ic le  i s  e ith e r a c c e le r ­

a tin g  or d e c e le ra tin g . The s u c c e s s iv e  in te rv a ls  of tim e a lte rn a te  be tw een  

a c c e le ra tio n  and  d e c e le ra tio n . I t i s  a ssu m ed  th a t the  v e lo c ity  changes 

over th e se  s u c c e s s iv e  in te rv a ls  a re  in d ep en d en t in  th e  s e n s e  th a t the  

d e c e le ra tio n  undergone by a  v e h ic le  during one in te rv a l w ill no t s u b s ta n tia lly  

a f fe c t i t s  a c c e le ra tio n  or d e c e le ra tio n  in  a  su cceed in g  in te rv a l . The in te rv a ls  

may be assu m ed  to  be sep a ra te d  by tim e periods of c o n s ta n t sp e e d . Under 

th e se  co n d itio n s  i t  i s  m eaningful to  a sk  how the a c c e le ra tio n  n o ise  over 

e ac h  of the  in te rv a ls  co n trib u te s  to  the  to ta l .  If T  ̂ re p re se n ts  the  end  o f the  

i - t h  in te rv a l then

w here o f  i s  th e  a c c e le ra tio n  n o ise  over the  i - t h  in te rv a l.

From th is  a n a ly s is  i t  i s  concluded  th a t in  order to  m inim ize the  

a c c e le ra tio n  n o ise  over th e  e n tire  tr ip  i t  i s  su ff ic ie n t to  m inim ize the  q u a n titie s

over the  i - t h  in te rv a l for e ac h  v e h ic le . This req u ire s  the  assu m p tio n  s ta te d

-  t " T T  r<T‘ -  W  + (Ta -  T.)a22 + • • ■ + (T„ -n o>- j

-  <ti  -  Ti - ‘)<r' z 1(4 -4 )

above th a t o f  and  otj2 c an  be m inim ized in d ep en d en tly . This fa c t i s  u til iz e d  

in  th e  s ig n  con tro l a lgorithm .
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4 . 2  C a l c u l a t i o n  o f  O p t i m u m  D e c e l e r a t i o n  f o r  a  S i m p l e  

H i g h w a y  S i t u a t i o n

The sim ple  h ighw ay s itu a tio n  i s  co n sid e red  in  w hich  a ll  v e h ic le s  a re  

in i t ia l ly  tra v e lin g  a t  th e  sam e c o n s ta n t s p e e d , VQ, a lthough  a t  d ifferen t 

s p a c in g s . The le ad in g  v e h ic le  th en  d e c e le ra te s  to  a new  s te a d y -s ta te  

sp ee d  Vf. In  th is  c a s e  i t  i s  a ssu m ed  th a t th e  fo llow ing v e h ic le s  ev en tu a lly  

re a c h  an  equ ilib rium  sp eed  o f Vf a t  a  sm alle r sp ac in g  app rop ria te  to  the  new 

sp e e d . The optimum m anner in  w hich  th e se  v e h ic le s  shou ld  make the  tra n s ­

itio n  from VQ to  V f  so  th a t the  in te g ra l J* [ a ( t ) ] 2d t i s  m inim ized fear e ac h  

v e h ic le  i s  now c o n sid e re d .

A ttention is  d ire c ted  to  a p a rtic u la r  fo llow ing v e h ic le  and the  problem  

i s  form ally s ta te d  a s  fo llo w s. G iven  tw o v e h ic le s  hav ing  in it ia l  sp eed s  

Vi(0) = V f  and  v2(0) = VQ >Vf and  in i t ia l  sp ac in g  X|(0) - x 2(0) = SQ > 0 and

g iven  th a t  Vj(t) =  V f  =  c o n s ta n t. Find the  a c c e le ra tio n  of the  follow ing
T

v e h ic le ,  a2( t )# su ch  th a t I = f [ a 2(t)1zd t is  m inim ized su b je c t to  the  fina l
J o

co n d itio n s  v2(T) = Vf and  x 2(T) - x 2(T) = Sf < SD. I t  i s  no ted  th a t the  upper 

lim it i s  g iven  a s  T ra th e r  th an  in fin ity  s in c e  i t  i s  e x p ec te d  th a t th e  optimum 

a2(t) i s  a  fu n c tio n  of the  upper l im it . A lso , the  follow ing v e h ic le  may be any 

o f the  v e h ic le s  upstream  o f th e  le ad in g  v e h ic le ,  no t n e c e s sa r i ly  v e h ic le  2 in  

th e  l i n e .

To sim plify  th e  c a lc u la tio n  the  follow ing norm alized  and eq u iv a len t

problem  is  so lv e d . G iven  a  v e h ic le  in it ia lly  having  x(0) * 0 and v(0) -  VQ.
T

Find the  a c c e le ra tio n  a(t) to  m inim ize I = JQ[a (t) ]2d t and  s a t is fy  x(T) -  D ,



57

v(T) = 0 . This problem  i s  o f th e  form

T
M inim ize I = f f ( t ,  x ,  x ,  x )d t w ith  

Jo
re s p e c t  to  x(t) su b je c t to  g iv en  v a lu e s

of x  and  x  a t  the  upper and low er l im its .

50A ccording to  the  c a lc u lu s  of v a ria tio n s  th e  tw ic e -d iffe re n tia b le  function  

x(t) w h ich  ex trem izes  I s a t i s f i e s  th e  d iffe ren tia l eq u atio n

s t . i'll 'i = o
ax d t \ a x /  ^ ? \ a x /

In th e  po sed  problem  f ( t ,  x ,  x ,  x) = [x ( t ) ]2 and the  above d iffe ren tia l equation  

becom es

“ r [ 2 x ( t ) ]  = 0

w hich  h as  th e  so lu tio n

x(t) = A + B t  (4 -5 )

The fin a l so lu tio n  i s  found by so lv ing  for A and  B in  term s of the  upper lim it T , 

th en  ev a lu a tin g  I a s  a func tion  of T , and th en  finding  th e  v a lu e  of T and  hence  

the  function  a(t) th a t  ex trem izes  I .

In teg ra tio n  of E q .(4 -5 ) and im p o sitio n  of the  in i t ia l  v a lu e s  of x  and  v

y ie ld s

v(t) = A t + i B t 2 + VQ (4 -6a)

x(t) = i  A t2 + 1 /6  Bt3 + VQt (4-6b)

S u b stitu tin g  the  req u ired  v a lu e s  o f x  and v  a t  the  upper lim it g iv es  the  tw o 

eq u a tio n s

AT + iB T 2 + VD = 0 

iA T2 + 1/6BT3 + VqT = D
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T hese tw o lin e a r  s im u ltan eo u s eq u a tio n s  in  A and B y ie ld  th e  so lu tio n s

A = - - | r [ 2 V 0T - 3 D ]  (4 -7 a)

B = F [ VoT “ 2 D ]  (4_7b)

The in te g ra l to  be ex trem ized  is

T
I - J  (A + B t)2 d t (4-8)

W hen th e  v a lu e s  o f A and  B g iv en  by E q s .(4 -7 )  are  su b s titu te d  in to  E q .(4 -8 ) 

and the  in teg ra l i s  ev a lu a te d  the  r e s u l t  is

V 2 3 D V_ 3D 2
I =

dT r  L I•- o  -

Thus d l/d T  = 0 a t  T = 3D/VQ and  a t  T = ® . Also d l/d T  i s  n o n -p o s itiv e  for a ll 

T > 0 . Thus s in c e  I -* + »  for T -*0+ and  I -♦ 0+ for T  -  +  <*> th e  sh ap e  of I(T) is  

deduced  a s  show n in  F ig .4 - 2 .  The u n co n stra in ed  minimum of I occu rs  a t  

T = + ® w here 1 15 0. H owever th e  e x p re ss io n  for v(t) g iven  by E q .(4 -6 a ) 

becom es upon su b s titu tio n  o f A and  B from E q s .(4 -7 )

v ( t ) = | - ( V o T - 2 D ) ( t - T ) ( t - t 0 )

w here

  V o T
•Ao 3[V T - 2 D ]

For T >3D /V Q i t  i s  found th a t tQ is  in  th e  range  —T < t Q <T g iv ing  a p a rab o lic  

sp eed  profile  a s  show n in  F ig .4 -3 .  S ince a n eg a tiv e  sp eed  is  in a d m iss ib le
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I

T
3D
V0

F ig .4-2 The in tegral I(T)

v(t)

F ig . 4-3 Speed profile  fo r ^  T < tQ < T

a(t)

F ig .4-4  A cceleration waveform fo r T > 3D/Vq
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the  u n co n stra in ed  so lu tio n  can n o t be  a c c e p te d . For an  a c c e le ra tio n  of the  

form A+ B t the  fin a l tim e m ust be  lim ited  to  T < 3D/VQ. This may a ls o  be 

se e n  by exam ining  the  e x p re ss io n  for th e  a c c e le ra tio n  a t  th e  fin a l tim e

For T > 3D/V0 i t  i s  see n  th a t a(T) > 0 im ply ing  an  a c c e le ra tio n  w aveform  a s  

show n in  F ig .4 -4 . S ince v(T) = 0 th e  a(t) of F ig .4 -4  w ould requ ire  th a t 

v(t) < 0 for some t  < T .

Since I(T) i s  m onotonic d e c re a s in g , a s  p rev io u sly  show n, the  

optimum a c c e le ra tio n  w aveform  is  o b ta in ed  by choosing  T = 3D/VQ. This 

y ie ld s  the  m otion g iven  by

for 0 < t  £ 3D/VC a s  show n in  F ig .4 -5 .  Upon su b s titu tio n  of T = 3D/V0 in to  

E q .(4 -9 ) th e  in teg ra l I becom es

1 9 D

It i s  no ted  th a t th e  m inim izing fu n c tio n  for the  m otion co n s tra in ed  by 

v(t) i  0 for (0 ,T ) has no t b een  o b ta in e d . R ather th e  m inim izing fu n c tio n  for 

th e  u n co n stra in ed  problem  h as  b een  found and  the  re s u lt  h as  b e en  m odified to

a(T) = A + BT = ^ - (V 0T -3 D )

(4-10)
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3Da(t)

(a)

v(t)

(b)

F ig . 4-5 Optimal motion: (a) acceleration , (b) velocity, (c) position
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a s s u re  v(t) fc 0 for (0 ,T ) . The in c lu s io n  of su ch  a  c o n s tra in t in  th e  problem  

w ould m ake i t  im p o ss ib le  to  find th e  so lu tio n  by o th e r th an  num erically  

b a se d  m ethods. However the  T esu lt d o es  y ie ld  a sm a lle r v a lu e  of I than  

any  o th er fu n c tio n  th a t i s  re s tr ic te d  to  th e  in te rv a l (0 , 3D/VQ) . Furtherm ore, 

a s  w ill be e x p la in e d , th e re  a re  re a so n s  for b e liev in g  th a t the  so lu tio n  

o b ta in ed  i s  a ls o  the  so lu tio n  to  the  co n s tra in ed  problem .

W hen the  a c c e le ra tio n  i s  a ssu m ed  to  be c o n s ta n t in  (0 , T) th en  the  

so lu tio n  s a tis fy in g  the  in i t ia l  and fin a l co n d itio n s  on sp ac in g  and sp eed  is  

a(t) = -Vq / 2D for 0 < t  «2D /V 0 . For th e  c o n s ta n t a c c e le ra tio n  c a s e  i t  is  

found th a t I = Vd3/2 D . W hen the  a c c e le ra tio n  i s  a ssu m ed  p ie ce w ise  c o n s ta n t

over tw o equal in te rv a ls  of tim e th en  th e  so lu tio n  th a t  m inim izes I and  has

25v(t) *  0 for a ll  t  c an  be show n to  y ie ld  I = —  VQ / D . In ad d itio n  an  expon­

e n tia l  a c c e le ra tio n , w ith  t im e -c o n s ta n t D/V0 req u irin g  in f in ite  tim e , y ie ld s  

I = V q /2 D . T hese  so lu tio n s  are sk e tc h e d  in  F ig .4 -6  and  sum m arized in  

Table 4 -1 . For com parison  th e  ram p a c c e le ra tio n  and th e  p ie ce w ise  co n s ta n t 

a c c e le ra tio n  a re  show n on the  sam e g rap h .

The fa c t  th a t th e  p ie ce w ise  c o n s ta n t a c c e le ra tio n  curve c lo se ly  

fo llow s the  ram p a c c e le ra tio n  curve su pports  th e  co n ten tio n  th a t th e  ram p 

a c c e le ra tio n  is  th e  m inim izing fu n c tio n . It i s  e x p ec ted  th a t i f  a p ie ce w ise  

c o n s ta n t a c c e le ra tio n  having  th ree  in te rv a ls  w ere  a ssu m e d , th e  re su ltin g  

w aveform  th a t m inim izes th e  in teg ra l I w ould more c lo se ly  follow  the  ram p.

For the  f i r s t  problem  po sed  of a  v e h ic le  d e c e le ra tin g  from VQ to  Vf 

w h ile  i t s  sp ac in g  to  a  dow nstream  car ch an g es  from SQ to  S f, th e  so lu tio n



a(t) 2D

a(t)

3D

18 d

F ig .4-6 Acceleration waveforms fo r optimal and sub-optim al solutions



T able 4 . 1 -  V alue o f the In tegra l I for  O ptim al and

S u b -op tim a l W aveform s

A c c e le r a tio n T im e T
' ram pW aveform D uration I

ex p on en tia l OB j V / D 1. 125

con stan t 2D/ Vo i  v / ° 1. 125

p ie c e w is e
con stan t T D/ y o If V0»/D 1. 042

ram p 3 D /V q |  V / D 1 .0
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an alogous to  E q s .(4 -1 0 ) I s  found to  be

^  = -i7(S«J[t - 'T r ]3+vft - i s

for 0 s t  £ 3AS/AV and w here AV = V f-V Q and  AS = S j - S 0 . For th is  m otion 

th e  in te g ra l I i s

1 = ?  AS

For the  c o n s ta n t d e c e le ra tio n  c a s e  th e  problem  is  posed  a s  fo llo w s. 

G iven  tw o v e h ic le s  (not n e c e s s a r i ly  co n secu tiv e ) having in i t ia l  sp eed s  

Vj(0) = V f  and  v2(0) = VQ and  in i t ia l  sp ac in g  xj(0) - x 2(0) = SG > 0 and g iven  

th a t Vj(t) = Vf = c o n s ta n t. Find the  c o n s ta n t a c c e le ra tio n , A, of the  seco n d  

v e h ic le  in  th e  in te rv a l (0 , T) th a t  s a t i s f i e s  v2(T) = Vj and Xi(T) - x 2(T) = Sf.

To ach iev e  th e  d e s ire d  sp ee d  c h a n g e , Vf - VD, i t  i s  req u ired  th a t 

A = (V f-V 0) /T . S ince a2(t) = A = c o n s ta n t, th e  sp ee d  v2(t) i s  a ram p fu n c tio n  

a s  show n in  F ig .4 -7 . The n eg a tiv e  of the  shad ed  a rea  e q u a ls  the  change in  

sp a c in g . Thus S f - S Q = iT (V f-V 0) and  hence

T = 2(Sf - S 0 )/(V f -V 0) .

S u b stitu tin g  th is  v a lu e  of T in  th e  e x p re ss io n  for A g iv e s  th e  re s u l t

A = i(A V )2/(A S ) for 0 < t  £ T

T ■ 2(AS)/(AV)
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v2(t)

t=0 t=T

F ig .4-7 Speed of following vehicle for constant 
deceleration case
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w here AV = V f-V 0 and  AS = S f - S 0 . The in te g ra l I for th is  c a se  becom es

I  = i(A V )3/(A S )

It i s  no ted  th a t  for th e  ram p a c c e le ra tio n  th e re  a re  an  in f in ite  num ber of 

so lu tio n s  th a t s a t is fy  th e  in i t ia l  and  fin a l co n d itio n s  w h ile  for the  c o n s ta n t 

a c c e le ra tio n  th e  so lu tio n  i s  u n iq u e .

As show n in  Table 4 -1  th e  w aveform s co n sid e red  y ie ld  v a lu e s  of I 

no t s u b s ta n tia lly  d iffe ren t from th e  minimum v a lu e  o b ta in ed  for th e  ram p 

fu n c tio n . For th is  re a so n  and  for re a so n s  o f m athem atica l tra c ta b il i ty  the  

c o n s ta n t a c c e le ra tio n  w aveform  i s  ch o sen  for th e  s ig n  contro l a p p lic a tio n . 

The sam e m ethods to  be u sed  cou ld  a ls o  be em ployed w ith  th e  ram p function  

w ith  th e  only d iffe ren ce  being  a  s u b s ta n tia l  in c re a s e  in  program co m plex ity .
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4 . 3  T h e  S i a n  C o n t r o l  A l g o r i t h m  a s  A p p l i e d  t o  a S i m p l e

H i g h w a y  S i t u a t i o n

A ssum ptions I t  i s  assu m ed  th a t  th e  s im ple  highw ay s itu a tio n  

e x is ts  in  w hich  a  lin e  of v e h ic le s  a re  in i t ia l ly  a ll  tra v e lin g  a t  sp eed  VQ 

a lthough  a t d iffe ren t s p a c in g s . The seq u en ce  o f d e te c to rs  span n ed  by th e se  

v e h ic le s  alL  re g is te r  th e  sp eed  Vc . I t  i s  assu m ed  th a t  th e  le a d  v e h ic le  th en  

d e c e le ra te s  to  Vj an d  som e tim e la te r  p a s s e s  a d e te c to r  w here th e  d e c re a se  

in  sp ee d  is  re g is te re d .

At th e  n ex t a n a ly s is  tim e the  s e tt in g s  for th e  ad v iso ry  s ig n s  are 

com puted on  th e  b a s is  of e x is t in g  tra ff ic  c o n d itio n s . T hese s e tt in g s  are 

v a lid  for only  5 sec o n d s  a f te r  w h ich  tim e co n d itio n s  are  re -e v a lu a te d  to  

determ ine  new  s ig n  s e t t in g s .

The b a s is  for determ ing th e  s ig n  s e tt in g s  i s  th e  tem porary assu m p tio n  

th a t a ll  v e h ic le s  upstream  of the  le a d  v e h ic le  w ill ev en tu a lly  be forced  to  

d e c e le ra te  to  Vj. The d e s ire d  d e c e le ra tio n  for th e s e  v e h ic le s  h as  p rev io u sly  

b een  determ ined  to  b e  a  c o n s ta n t g iv en  by Ajj = j(A  V)2/(A  S) over an  in te rv a l of 

tim e T = 2(AS)/(AV). The app roach  u sed  i s  to  de term ine  th e  s ig n  se tt in g s  

su ch  th a t th e  av erag e  d e c e le ra tio n  due to  the  s ig n  e q u a ls  th e  d e s ired  

d e c e le ra tio n  for v e h ic le s  tra v e rs in g  an  e n tire  s e c tio n  under s ig n  c o n tro l .

Therefore to  determ ine the  ad v iso ry  sp ee d  se tt in g  for th e  i - t h  s ig n , 

a tte n tio n  i s  fo cu sed  on an  im aginary  v e h ic le  lo c a te d  a t  th e  ( i - l ) - t h  d e tec to r 

th a t  i s  0 .1  m ile upstream  of th e  i - t h  s ig n . I t i s  th is  v e h ic le  th a t re sp o n d s  to
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th e  in i t ia l  s e tt in g  of th e  i - t h  s ig n  during th e  f ir s t  5 s e c s ,  o f i t s  journey  on 

th e  i - t h  s e c tio n .

The d e s ired  d e c e le ra tio n  of the  im ag inary  v e h ic le ,  A^, w ill be 

e x p re sse d  in  term s of th e  m easured  s e c tio n  sp ee d s  and  d e n s i t ie s .  This 

c a r 's  p red ic ted  av erag e  d e c e le ra tio n , Aa , w ill be deriv ed  from an assum ed  

sig n -fo llo w in g  law  a s  a  fu n c tio n  of i t s  sp eed  w hen en te rin g  the  s e c tio n  and 

the  sp eed  se ttin g  of th e  ad v iso ry  s ig n  lo c a te d  a t  th e  n ex t s e c tio n  boundary . 

Equating A^ to  Ag w ill y ie ld  th e  so lu tio n  for the  ad v iso ry  s ig n  se ttin g  in  

term s of th e  d e tec to r o u tp u ts .

C om putation of D esired  D e ce le ra tio n  A se c tio n  of highw ay is  

d ep ic ted  in  F ig .4 -8 .  The v e r tic a l d e lin e a to rs  in d ic a te  the  d e tec to r lo c a t io n s , 

sp aced  by 0 .1  m ile . The k - th  d e te c to r  s to re s  VD^, th e  v e lo c ity  of the  

v eh ic le  m ost re c e n tly  p a ss in g  the  d e te c to r ,  and N D ^, the  number of v e h ic le s  

cu rren tly  on th e  k - th  s e c tio n  of ro ad w ay . The ad v iso ry  s ig n s  are  a lso  sp aced  

by 0 .1  m ile and th e  sp eed  se tt in g  i s  re p re se n te d  a s  Vs for the  i - t h  s ig n .

In  acco rd an ce  w ith  th e  sim ple  highw ay s itu a tio n  p rev io u sly  d e sc rib e d  

i t  i s  assu m ed  th a t a t  a  p a rtic u la r  sam pling  tim e VDj = Vf and  a ll  o th e r up­

stream  d e tec to rs  r e g is te r  VD^ = VQ, w here Vf < VQ.

To determ ine th e  sp ee d  s e tt in g  for the  i - t h  s ig n  i t  is  n e c e ssa ry  th a t 

th e  d e s ire d  d e c e le ra tio n  o f an  im aginary  v e h ic le  lo c a te d  0 .1  m ile upstream  

of s ig n  i  be e x p re sse d  in  term s of th e  d e tec to r o u tp u ts . The d e s ired  

d e c e le ra tio n  for th is  v e h ic le  i s

Ad = £(AV)2/(A S) (4 -11)



Sj_1 -1

F ig .4-8 Representation of highway and location of detectors

©
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for an  in te rv a l of tim e T = 2(AS)/(AV) w here A V = Vf -  VQ is  the  d iffe ren ce  

b e tw een  the  fin a l sp eed  a fte r a slow dow n and the  in i t ia l  sp eed  and 

AS = S f - S Q i s  the  d iffe ren ce  be tw een  fin a l and in i t ia l  sp ac in g s  from the  

v e h ic le  in itia tin g  the  slow dow n.

In th is  exam ple the  in i t ia l  sp eed  i s  VQ = V D ^  and  th e  fin a l sp eed  

is  Vf = VDj so  th a t

AV = Vf -V Q = VDj - VDi _1 (4 -12)

It i s  a ssu m ed  th a t th e  v e h ic le  th a t  in i t ia te d  th e  slow dow n h as  ju s t  

p a s s e d  d e tec to r j .  Thus the  in i t ia l  sp ac in g  eq u a ls  the  d is ta n c e  be tw een  

d e te c to r  i-1  and d e tec to r j ,  th a t  is

SQ = 528 ( j - i + 1 )  fe e t (4 -13)

The fin a l sp ac in g  be tw een  th e  im aginary  v e h ic le  cu rren tly  a t  d e tec to r i-1  

and th e  v e h ic le  a ssu m ed  to  be in itia tin g  the  slow dow n i s  de term ined  from 

th e  number of v e h ic le s  be tw een  them  and by the  fin a l s p e e d . At th e  con­

c lu s io n  of the  slow dow n i t  Is  d e s ired  th a t e ac h  v e h ic le  be a t  th e  sp ac in g  

app rop ria te  to  i t s  new  s p e e d . For th e  i - t h  v e h ic le  th is  d e s ire d  sp ac in g  is

D D t = HDRVj x Vf + 20

= HDRVj x VDj + 20 fe e t

w here HDRVj i s  the  headw ay fac to r g en e ra ted  for th e  i - t h  v e h ic le .

The NDj^ v e h ic le s  in  s e c tio n  k in it ia lly  occupy  528 fe e t .  After th e  

slow dow n th ey  w ill occupy l e s s  s p a c e . For th e se  v e h ic le s  the  sum  of th e ir  

d e s ire d  fin a l sp ac in g s  to  the  front bum per o f the  c a r  ah ead  i s  e x p re sse d  a s
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NDk NDk

Sf(k) = £  (HDRVt x VDj + 20) = 20N D k + V D j£  HDRVj (4-14)

l=x i= i

w here th e  sum is  over th e  NDk v e h ic le s  on th e  s e c t io n . S ince th e se  v e h ic le s

in i t ia l ly  occu p ied  a 528 foot s e c tio n

NDk NDk

528 = £  (HDRVi x Vj + 20) = 20 NDk + £  HDRV^ x vt (4 -15)
i= i  1=1

w here vA is  th e  in i t ia l  sp ee d  of th e  i - t h  v e h ic le .  The vA a re  approxim ated  

by th e  e s tim a te d  av erag e  s e c tio n  s p e e d , Vk# de term ined  from the  d e tec to rs  

a t  the  s e c tio n  boundaries  to  be

vk = (TO k-i + ^ k  ) / 2 <4 " 16>

R eplacing  Vj in  E q .(4 -1 5 ) by Vk from E q .(4 -1 6 ) g iv es

NDk

528 = 20 NDk + Vk ^  HDRVj (4 -17)

i=i

From E q .(4 -1 7 )
528 -  20 NDk 

£  HDRVj = ------^ ----------  (4 -18)
i=i

S u b stitu tin g  from E q .(4 -1 8 ) in to  E q .(4 -1 4 ) g iv es

VDj
Sj(k) = 20N D k + - ^ - L(5 2 8 -2 0 N D k) (4 -19)

2VDj_

o r , u s in g  E q .(4 -1 6 ) ,

' ( 5 2 8 - 2 0  ND^) (4-20)

Thus th e  d e s ire d  cum ulative  fin a l sp ac in g  for th e  v e h ic le s  in i t ia l ly  on
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se c tio n s  i th rough j i s

j
Sf - E  Sf (k)

k=l
(4-21)

S u b stitu tio n  of the  derived  q u a n titie s  in to  E q .(4 -2 1 ) g iv e s , from

E q .( 4 - U ) , (VDj -V D 1. 1)z
A.
Ld "  2 “

1 (4-22)

This i s  the d e s ired  a c c e le ra tio n  for a  v e h ic le  tra v e rs in g  the  i - t h  s e c tio n  

in  re sp o n se  to  a slow dow n d e tec te d  a t th e  j - t h  d e te c to r .

av erag e  d e c e le ra tio n  of a  v e h ic le  over a  s e c tio n  of h ighw ay in  re sp o n se  to  

a  s ig n  is  determ ined  from the s ig n -fo llo w in g  model em ployed to  re p re se n t th e  

dynam ic r e s p o n s e .  Knowledge of c a r-fo llo w in g  theory  le a d s  to  a  r e a l is t ic  

s ig n -fo llo w in g  model in  the  form of a  s tim u lu s -re sp o n se  e q u a tio n . The 

s ig n -fo llo w in g  model c h o se n  i s  g iven  by

The re sp o n se  is  th e  a c c e le ra tio n  a t  the  cu rren t tim e and  the  s tim u lus is  the 

d iffe ren ce  be tw een  V ., the  sp ee d  in d ic a tio n  of the  s ig n  th a t th e  d riv e r s e e s
S

a t tim e t-T g and v ( t - r s )/ the v e h ic le 's  sp eed  a t  t - T g .

To fa c il i ta te  further a n a ly s is  o f th e  model in  o rd er to  o b ta in  a s ig n  

s e tt in g  algorithm  the  model i s  m odified to  becom e

P red ic ted  Average D ece le ra tio n  from S ign-fo llow ing  M odel The

v(t) = 0[Vs - v ( t - T g)] (4-23)

(4-24)
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This m odifica tion  h as  l i t t l e  e ffe c t on the  dynam ics o f th e  re sp o n se  s in c e  in

m ost c a s e s  th e  q u an tity  v(t) i s  sm all for 0 « t  * Tg b e c a u se  near the  end of

the  p rev ious s e c tio n  of h ighw ay the v e h ic le 's  sp ee d  w ill be nearly  eq u al to

th e  se tt in g  of the  p rev ious s ig n .

V alues of /3 and t s a re  ch o sen  to  be eq u al to  the  co rrespond ing

p aram eters  in  the  an a lo g o u s ca r-fo llo w in g  law  for a very  co n se rv a tiv e

23d riv e r. Prom d a ta  in  Table I of H e lly 's  paper a re a so n a b le  cho ice  is  

/3 = 0 .2  s e c -1 , Ts = 2 . 0 s e c .

The av erag e  d e c e le ra tio n  o f a v e h ic le  tra v e rs in g  s e c tio n  i under 

con tro l of th e  i - t h  s ig n  may be found from E q .(4 -2 4 ) i f  the  in i t ia l  co nd ition  

on th e  v e h ic le 's  sp e e d , v (0 )# and th e  sp eed  se tt in g  of th e  s ig n , Vg , are 

know n.

H owever for a g iv en  in i t ia l  sp eed  i t  i s  d e s ire d  to  find the  v a lue  of 

Vs th a t y ie ld s  a sp e c if ie d  averag e  a c c e le ra tio n . By an  i te ra tiv e  procedure 

th e  v a lu e  of Vs can  be found th a t y ie ld s  th e  sp ec if ie d  av erag e  a c c e le ra tio n . 

A lthough th is  procedure may be re a d ily  im plem ented  on a d ig ita l com puter, a 

more d ire c t so lu tio n  for Vs w ould sav e  s u b s ta n tia l  com putation  tim e . To th is  

end  an  approxim ate  so lu tio n  i s  d ev e lo p ed .

L et v(0) = VD and in troduce  th e  no rm aliza tion

(4-25)

in to  E q .(4 -24 ) y ie ld s  the  d iffe ren tia l eq u a tio n

r ( t )  = 0 [ 1  - r ( t - T ) ] (4-26)
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w here r  s ta n d s  for r s and

r(0) = 0

r ( “) = 1

The so lu tio n  of E q .(4 -26 ) i s  o f th e  form

r(t) = f O , T, t )

In d ep en d en t o f VQ and Vg w ith  f(0 , r ,  0) = 0 and f(0 , t ,  ®) = 1. T hus, 

from E q .(4 -2 5 ) ,

v(t) = (Vs -V 0) f O , r , t )  + V0 (4-27)

a s  i s  v e rified  by the  so lu tio n  of E q .(4 -2 4 ) found by L ap lace  transform  

tech n iq u es  to  be

v(t) = <

for 0 £ t  £ Ts

C t/Ts ] (4-28)

Vo + ( V Vs) Y  (-/3)k ^ ( t - k T s )k for t  > t
k=i

w here  [ t / r s ] is  the  la rg e s t  in te g e r  in  t / r s .

The av erag e  a c c e le ra tio n  of a v e h ic le  on a 528 foot s e c tio n  of h igh­

w ay i s  g iv en  by

v (T )-V 0
Aa - (4-29)

w here  v(0) = V Q  and T is  the  s e c tio n  tra v e l tim e g iven  by th e  so lu tio n  of

T
x(T) = J* v(t) d t = 528 

o

From E q .(4 -27 )

v (T )-V o = (Vs -V o) f ( 0 ,T ,T ) (4-30)
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T ypically  the  av erage  sp eed  on a  s e c tio n  under s ig n  con tro l i s  in  

the  ran g e  40 < v  < 55 m i/h r . In th is  ran g e  i t  i s  found th a t f(|8, T) v a rie s  

by approx im ately  10 p e rcen t abou t a  m ean v a lu e . For an  av erag e  sp eed  of 

55 m i/h r T = 6 .5 4  s e c .  and  f(0 , t ,  T) = 0. 78 w hile  for an  av erag e  sp eed  of 

40 m i/h r T = 9 .0  s e c .  and f(/3, r ,  T) = 0 .9 3 5 .

For the  purpose of d evelop ing  an  approx im ation  for averag e  a c c e le r ­

a tio n  i t  i s  re a so n a b le  to  approxim ate E q .(4 -3 0 ) by

v (T )-V 0 * C (V s -V 0) (4-31)

From E q .(4 -27 ) an  e x p re ss io n  for th e  av erag e  v e lo c ity  on a s ec tio n  is

T T
v = Y J  v ( t)d t  = VQ + [ £  J  f(0 , T, t)d t](V g -V 0)

1 TThe v a lu e  of — f f(/3, t , t)d t v a r ie s  by abou t 20 p e rcen t abou t a m ean v a lue  
T J o

for the  ty p ic a l ran g e  of T. N e v e rth e le ss  a v a lu e  of K i s  ch o sen  th a t b e s t  

approx im ates the av erag e  v a lu e  of f over th e  ty p ic a l range  o f T to  g ive

v * V 0 + K(Vs -V c )

T h u s, th e  tra v e l tim e on a 528 foot s e c tio n  i s  approxim ated  by

_ _ 528 .— 528---------  (4-32)
V V0 +K(VS -V 0) (4 32)

S u b stitu tin g  the  r e s u l ts  of E q .(4 -3 1 ) and  E q .(4 -3 2 ) in to  E q .(4 -29 ) g iv es

Aa *  Cn(Vs -  V0)2 + C2 V0 (VS -  VQ) (4-33)

a s  a re a so n a b le  form for th e  approxim ating  fu n c tio n . S ince Aa = in  a
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s ig n  con tro l ap p lic a tio n  bo th  Aa and VQ are  know n. O nce C i and C2 are 

determ ined  the  q u ad ra tic  eq u a tio n  (4-33) may e a s i ly  be so lv ed  for Vs .

To determ ine Ci and  C2 sev e ra l hundred p a irs  of VD and  Vs w ere 

ch o se n  in  th e  range 88 s  Vs + 40 >V 0 i  Vs + 4 * 34. For e a c h  pair (V* , V *) 

the  e x a c t so lu tio n  for av erag e  a c c e le ra tio n , A^., w as com puted by the 

m ethod p rev io u sly  o u tlin e d . The v a lu e s  of C x and C2 w ere determ ined  th a t 

m inim ize the  sq u ared  error

N  i  1 2  
e 2 =  2  ( A t  -  Ag)

w here Ag i s  th e  approx im ation  g iven  by E q .(4 -3 3 ) for the  i - t h  pa ir (V^>, V^). 

The re su ltin g  approxim ation  is

Ag «  0 .000452  (V0 -V s )2+ 0 .001581  V0(VS -V 0) (4-34)

w ith  an  av erag e  a b so lu te  erro r of 5 .2 3  p e rc en t.

By try ing  o ther approxim ating  fu n c tio n s  i t  i s  found th a t the  cho ice

Ag = -0 .00087(V o2 -V s 2) (4 -35)

g iv es  a s lig h tly  la rg e r sq uared  error th an  E q .(4 -34 ) and a s lig h tly  sm aller 

av erag e  ab so lu te  error of 4 .9 5  p e rc e n t. S ince E q .(4 -35 ) is  a lg e b ra ic a lly  

s im pler th an  E q .(4 -3 4 ) , i t  is  ch o sen  for th e  s ig n  con tro l a p p lic a tio n .

W hen apply ing  E q .(4 -35 ) to  the  se tt in g  of th e  i - t h  s ig n , VQ = VDi _| 

and  Vs = VSl y ie ld in g

Aa = -0 .0 0 0 8 7  (VD|_X -  V |A) (4-36)

for th e  p red ic ted  averag e  a c c e le ra tio n  of a v e h ic le  tra v e rs in g  s e c tio n  i 

under con tro l of the  i - t h  s ig n .
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Solu tion  for Sign S e tting  E x p ress io n s  fear th e  d e s ired  average  

a c c e le ra tio n , A^, and  th e  p red ic ted  av erag e  d e c e le ra tio n , Aa# have been  

o b ta in ed . The v a lu e  of th e  s e tt in g  for th e  i - t h  s ig n , Vs^, i s  found by 

eq u atin g  A^ from E q .(4 -2 2 ) to  Aa from E q .(4 -3 6 ) w ith  Vs = VS i. The 

so lu tio n  for Vs  ̂ i s

\ i
5 75(VDj -  V D i.j)2 2

2VD1(528-20N D k)-i ’ (4_37>
NDk + VDk. ,  + r o k j  -  528 (j-i't~l) J

w here VDj is  the  sp eed  in d ic a tio n  o f th e  dow nstream  d e tec to r th a t is  

tem porarily  assum ed  to  equal the  fin a l v e lo c ity  of th e  upstream  v e h ic le s  

a fte r the  slow dow n.

Rounding of Sign S e ttin g s  For p ra c tic a l re a so n s  the  s ig n -  

s e tt in g s  a re  rounded to  the  s tan d a rd  5 m i/h r in c re m en ts . In a d d itio n , a 

s ig n  i s  not turned  on i f  only a minor re sp o n se  to  the  c a lc u la te d  s e tt in g  i s  

a n tic ip a te d .

After com puting the  e x a c t s ig n  s e tt in g s  v ia  E q .(4 -3 7 ) e a c h  s ig n  is  

exam ined and  th o se  th a t a re  off are  sk ip p ed . If the  i - t h  s ig n  i s  o n , i t  is  

th en  a sc e r ta in e d  w hether a s ig n if ic a n t re sp o n se  is  ex p ec ted  to  the  s ig n  

s e tt in g . If V D ^ j-V g j < 2 .5  m i/h r the  i - t h  s ig n  is  tu rned  o ff. If 

VDj _j -V Sj > 2 .5  m i/h r the  s ig n  s e t t in g ,  VS i, is  rounded to  the  n e a re s t 

5 m i/h r . I f ,  for th e  rounded s ig n  s e t t in g , th e  q u an tity  VDj _j -V Sj < 2 .5  m i/h r 

th e  s ig n  i s  tu rned  o ff. If VDj_x - Vs ^ > 2 .5  m i/h r , for th e  rounded v a lu e , th en  

th e  rounded  v a lu e  is  re ta in e d  a s  the  cu rren t s ig n  s e tt in g .

VS i =<VD12. 1
j
£c [ 2o
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Example o f Sign S e ttin g s  for a  Simple H ighway S itu a tio n  An 

exam ple from a s im u la tio n  run  w ith  80 v e h ic le s  is  p re se n te d . All v e h ic le s  

e n te r th e  roadw ay a t a sp eed  of 50 m i/h r and con tinue  a t  th is  c o n sta n t 

sp eed  u n til t  = 120 s e c .  At th is  tim e th e  f ir s t  v e h ic le  d e c e le ra te s  to 

35 m i/h r a t a ra te  of - 3 .0  f t / s e c 2.

At t  = 125 s e c .  the  slow dow n i s  d e te c te d  and  one s ig n  i s  se t; a t 

t  = 130 s e c .  tw o s ig n s  are se t;  and  a t  t  = 135 s e c .  five s ig n s  are  s e t .  The 

s itu a tio n  a t  t  = 135 s e c .  i s  exam ined  in  more d e ta i l .

The d e te c to r  in form ation  a v a ila b le  a t  t  = 135 s e c .  is  show n tab u la ted  

b e lo w . The v a lu e  o f VD(I) i s  rounded  to  the  n e a re s t in te g e r .

I ND (I) 
(v e h ic le s )

VD (I) 
(m i/h r)

11 4 50

12 5 50

13 5 50

14 5 50

15 3 48

16 4 46

17 4 35

18 6 34

19 2 —

From se v e ra l com puter ru n s  i t  i s  found th a t  the  a c c e le ra tio n  n o ise  i s  

minimum w hen th e  c o n s ta n t 5 7 5 .0  in  E q .(4 -3 7 ) is  re p la ce d  by a c o n sta n t
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betw een  6 0 0 .0  and 6 2 5 .0 . For th e  exam ple under co n s id e ra tio n  th is  con­

s ta n t is  ta k en  to  be 6 2 5 .0 . C o n seq u en tly  the  ap p ro p ria te  eq u a tio n  for 

determ in ing  the  se tt in g  o f the  i - t h  s ig n  due to  a slow dow n d e te c te d  a t  VDj

is
625 .0(V D 4-V D t j)2 ' A

V D f-i  +VSi = i " 1 j r  2VDj (528-2 OND^) -|
^ L 2 0 *111̂  ' VDfc.^VDfc J -5 2 8 ( j - l+ l )J

(4 -38)

The d a ta  from sev e ra l s im u la tio n s  in d ic a te  th a t i t  i s  p re fe rab le  not 

to  s e t  the  s ig n  th a t  is  lo c a te d  d ire c tly  a t  the  po in t w here th e  slow dow n is  

d e te c te d . It is  found th a t th e  se tt in g  of th is  s ig n  o ften  re ta rd s  v e h ic le s  in  

reco vering  from a slow dow n a f te r  th e  v e h ic le  c au s in g  the slow dow n in c re a s e s  

i t s  sp e e d . Therefore in  th is  exam ple s ig n  18 is  sk ip p ed .

In determ in ing  th e  ex ac t, s e tt in g  (before rounding) for s ig n  17 the  

app rop ria te  v a lu e s  to  s u b s titu te  in to  E q .(4 -3 8 ) are

j = 18

i = 17

VD|e = 6 6 .9  f t / s e c  (46 m i/hr)

VDl7 = 5 0 .9  f t / s e c  (35 m i/hr)

VDie= 5 0 .4  f t / s e c  (34 m i/hr)

ND17= 4 

NDjs = 6

S u b stitu tin g  th e se  v a lu e s  in to  E q .(4 -3 8 ) g iv e s  VSl? = 4 4 .0  f t / s e c  for the 

se ttin g  of s ig n  17.
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To determ ine th e  e x a c t  s e tt in g  for s ig n  14, for ex am p le , the

v a lu e s  j = 18 and  i=  14 shou ld  be u sed  in  E q .(4 -3 8 ) . The v a lu e  j = 18

shou ld  be  u sed  in  find ing  Ve . for a ll  v a lu e s  of i l e s s  th an  j .®i

In the  m anner d e sc r ib e d  above the  e x a c t s e tt in g s  of the  o th e r up­

stream  s ig n s  a re  determ ined  a s  show n ta b u la te d  b e low . The r e s u lts  of the  

rounding algorithm  a re  a ls o  ta b u la te d .

Sign
Number

Speed Setting  
( f t / s e c )  (m i/hr)

Rounded Setting  
(m i/hr)

17 4 4 .0 3 0 .0 30

16 6 0 .0 4 0 .9 40

15 6 6 .1 4 5 .1 45

14 6 8 .3 4 6 .5 45

13 6 9 .4 4 7 .3 45

12 70 .2 4 7 .9 OFF

It i s  no ted  th a t s ig n  12 is  turned  off b e c a u se  VDU -V s = 5 0 . 0 - 4 7 . 9  =

2 . 1  m i/h r i s  l e s s  than  2 .5  m i/h r . That i s ,  the  s ig n  is  not tu rned  on 

b e c a u se  th e  v e h ic le  528 ft upstream  of the  s ig n  is  trav e lin g  a t  a sp eed  

only  s lig h tly  g re a te r  th an  the  com puted s ig n  s e tt in g .
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4 . 4  A p p l i c a t i o n  o f  S i g n  C o n t r o l  t o  a G e n e r a l  H i g h w a y  

S i t u a t i o n

In troduction  In th e  s im p lified  h ighw ay s itu a tio n  p rev io u sly  

d e sc r ib e d , the  sp ee d  in d ic a tio n s  of th e  d e te c to rs  are  monotone d e c rea s in g  

in  the  dow nstream  d ire c tio n . This i s  in ten d ed  to  re p re se n t only an  is o la te d  

com ponent of the  tra ff ic  p a tte rn  on an  a c tu a l h ighw ay.

Sam pling of the  d e te c to r  sp eed  ou tpu ts  a t  a random  tim e g en e ra lly  

y ie ld s  a sp ee d  profile  ex h ib itin g  p eak s  and v a l le y s . A ty p ic a l c a s e  is  

show n in  F ig . 4 -9 .

G enera l P rocedure for Sign S etting  The h e u ris tic  p rocedure for 

determ in ing  the  s ig n  s e tt in g s  i s  d e sc rib e d  for a ty p ic a l c a se  for w h ich  

VD(I) are  a s  show n in  F ig . 4 -9 . The d e te c to r  sp eed  ou tpu ts VD(I) are 

s c a n n e d , s ta r tin g  a t  VD(7), to  lo c a te  the  f ir s t  " lo c a l minimum" (LM ). A 

lo c a l minimum o ccu rs  a t  d e te c to r  K i f  bo th

VD(K-l) > VD(K)

VD(K+1) i  VD(K)

a t s a t i s f ie d .  The th ree  lo c a l minima are  id e n tif ie d  by arrow s on F ig .4 -9 .

The f ir s t  LM in  F ig .4 -9  i s  VD(10). Sign 10 is  not s e t  s in c e  i t  is  

lo c a te d  a t  th e  lo c a l minimum. Sign s e tt in g s  for s ig n s  9 and 8 a re  d e te r ­

m ined from E q .(4 -3 8 ) u s in g  j = 10 and the  ap p ro p ria te  v a lu es  for VD and  ND. 

That i s ,  Vg9 and VSe a re  com puted on the b a s is  of the  LM of VD(10). Sign 9 

i s  s e t  to  6 5 .9  f t / s e c  and  s ig n  8 i s  s e t  to  6 8 . 7  f t / s e c .
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The sc a n  is  con tinued  and th e  seco n d  LM is  found to  be VD(16).

Sign 16 is  not s e t  due to  th is  lo c a l minimum b e ca u se  the  LM occu rs  a t the 

lo ca tio n  of th is  s ig n . Signs 15 back  through 8 are now co n sid e red  on the 

b a s is  of a slow dow n assum ed  to  o rig in a te  from the seco n d  LM of V D (l6). 

T hus, u s in g  the  v a lu e  j = 16 in  E q .(4 -3 8 ) , the  com puted s e tt in g s  ( f t /s e c )  

for s ig n s  15 back  through 10 are

V* = 3 8 .5SlB

Vc = 4 8 .2
S 14

V„ = 5 1 .9
s 13

Vc = 5 9 . 6  s 12

Vc = 6 0 . 8  s n

Vc = 6 2 . 2  s io

Sign 9 w as co n sid e red  p rev io u sly  due to  the  f ir s t  LM of VD(10). H ow ever, 

s in ce  the seco n d  LM is  of sm alle r v a lu e , a te n ta tiv e  se ttin g  is  com puted 

u sing  j = 16. This com putation  y ie ld s  6 5 . 4  f t / s e c .  S ince 65 . 4  is  le s s  th an  

the  p rev io u sly  com puted se ttin g  of 65 . 9  i t  i s  co ncluded  th a t th e  second  LM 

h as  the  s tro n g er in flu en ce  on v e h ic le s  on s e c tio n  10. H ence s ig n  9 is  r e s e t  

to  V- = 6 5 . 4 .9

S im ilarly  a te n ta tiv e  se tt in g  for s ig n  8 is  com puted , u s in g  j=  16, and 

the  re s u lt  i s  6 9 . 0 .  Sign 8 is  no t r e s e t  b e c a u se  the  p rev io u sly  determ ined  

se ttin g  of 68 . 7 f t / s e c  i s  l e s s  th an  69 . 0.

The th ird  LM is  found a t  VD(19). Sign 19 is  no t co n sid e red  and the 

s e tt in g  for s ig n  18 i s  found to  be VSifl = 4 7 . 6  u sing  j = 19 in  E q .(4 -3 8 ) .
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Sign 17 is  no t co n sid e red  b e c a u se  VD(16) i s  l e s s  than  th e  sp eed  

a t the  th ird  LM of VD(19). T h u s, c a rs  on s e c tio n  17 w ill not be forced  to  

d e c e le ra te  due to  the  LM of VD(19). For the  sam e re a so n  s ig n  16 is  not 

co n sid e red .

Sign 15 h a s  been  p rev io u sly  co n sid e red  due to  a LM further up­

stream  of sm alle r v a lu e , i . e .  VD(16). For th is  re a so n  the  se ttin g  of 

s ig n  15 is  c o n sid e red  to  be v a lid . Furtherm ore, ad d itio n a l scan n in g  of 

s ig n s  fu rther upstream  due to  th is  LM is  su p p re sse d  and the  se a rc h  for the  

n ex t LM is  in i t ia te d .
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CHAPTER 5 

SIMULATION RESULTS AND DISCUSSION

5 . 1  P r e f a t o r y  R e m a r k s

This ch ap te r co n c lu d es  th e  s tudy  of th e  p roposed  ad v iso ry  sp eed  

s ig n  system  by (1) p re sen tin g  the  num erical r e s u l ts  from th e  com puter 

s im u la tio n  program , (2) an a ly z in g  and in te rp re tin g  th e se  r e s u l t s ,  and 

(3) a s s e s s in g  the  p o te n tia l s u c c e s s  o f the  sy stem  in  im proving th e  le v e l 

of se rv ic e  afforded  to  d rivers  on an  urban  ex p re ssw ay  under heavy 

tra ff ic  co n d itio n s .

The prim ary in d ic a to r of the  deg ree  of com fort and sa fe ty  for a 

d riv e r during h is  trip  i s  the  a c c e le ra tio n  n o ise  (s e e  S ec tio n  4 .1 )  . The 

s ig n  con tro l a lgorithm  has been  d e sig n ed  to  m inim ize th is  q u a n tita tiv e  

perform ance in d e x . Another in d ic a to r  of the  im provem ent in  the  q u a lity  

of tra f f ic  flow  due to  s ig n  con tro l i s  th e  to ta l stopped  tim e . For the  

m ain p a r t ,  the  u til i ty  of th e  sy stem  w ill be judged  by the  e x te n t to  w hich  

s ig n  con tro l re d u c es  bo th  the  a c c e le ra tio n  n o ise  and th e  to ta l s topped  

tim e .

In e a c h  of the  s im u la tio n  runs 80 v e h ic le s  tra v e rse  an  e ig h t mile 

le n g th  o f ro ad w ay . The 80 v e h ic le s  occupy  approx im ate ly  tw o m iles  of 

th e  roadw ay  a t  any  tim e .
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One d is tin g u ish in g  c h a ra c te r is t ic  of a sam ple popu la tion  of 

80 v e h ic le s  is  the  av erag e  headw ay fac to r a s s o c ia te d  w ith  th e s e  d riv e rs  

(s e e  S ec tio n  3 . 2 ) .  The av erag e  headw ay fac to r i s  de term ined  from the  

sp e c if ie d  dem and , D , w h ich  i s  an  in p u t param eter in  the  s im u la tio n .

At a  sp ec if ie d  en te rin g  flow  ra te  there  is  no ty p ic a l sam ple o f 80 

v e h ic le s  from w hich  a re lia b le  e s tim a te  of the  im provem ents due to  

s ig n  con tro l c an  be o b ta in e d . It is  therefo re  n e c e s sa ry  to  g en e ra te  

s e v e ra l d river sam p les  a t  e a c h  flow ra te  and to  a s s e s s  both  the  perform ­

a n ce  of the  sy stem  w ith  th e  in d iv id u a l sam p les  and the  av erag e  perform ­

an ce  over a l l  the s a m p le s .

The e ffe c ts  o f s ig n  co n tro l on a c c e le ra tio n  n o ise  and  stopped  

tim e are  o b ta in ed  by com paring the  r e s u l ts  o f a s im u la tion  run  w ithout 

s ig n  con tro l to  th o se  w ith  s ig n  con tro l for the  sam e d river sam p le .

U nder s ig n  con tro l the  com pliance  l e v e l , w h ich  d e term ines the  frac tio n  

of d riv e rs  th a t heed  the  s ig n  s e t t in g s ,  i s  v a ried  from 1 .0  to  0 .2  and  the 

e ffe c t of n o n -p e rfe c t com pliance is  n o te d . The e ffe c t of the  flow ra te  

and  the  com pliance  le v e l on th e  d u ty -c y c le  o f the  ad v iso ry  s ig n s  is  

show n.
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5 . 2  M a n e u v e r s  o f  t h e  l e a d  v e h i c l e

The le a d  v e h ic le  b eg in s  i t s  m aneuver sh o rtly  a f te r  a ll  v e h ic le s  

have en te red  th e  h ighw ay . The s im u la tio n  h a s  b een  run  for tw o d iffe r­

e n t re p e titiv e  m aneuvers d iffe rin g  prim arily  in  the  m agnitudes of the  

programmed d e c e le ra tio n s  and  a c c e le ra t io n s . In bo th  m aneuvers the  

le a d  v e h ic le  undergoes a  c o n s ta n t d e c e le ra tio n , from 50 m i/h r to  

35 m i/h r , fo llow ed  by  an  in te rv a l o f c o n s ta n t s p e e d , th en  a c o n s ta n t 

a c c e le ra tio n  back  to  50 m i/h r fo llow ed  by an  in te rv a l of c o n s ta n t 

s p e e d . This m otion is  re p e a te d  w ith  a  period  of 55 seco n d s  u n til the  

v e h ic le  re a c h e s  the  end  of th e  highw ay runoff s e c t io n . The a c c e le ra tio n s  

u sed  in  m aneuver 1 a re  ± 3 . 0  f t / s e c 2 w h e rea s  m aneuver 2 u se s  

± 1 . 5  f t / s e c 2. T hese  m an eu v e rs , w h ich  in i t ia te  the  re sp o n se s  of the 

follow ing v e h ic le s ,  are  show n in  F ig .5 -1 .



Vi(t) ( m i /h r )

50

35

t ( s e c )
360 380260 320 340280220 300240

,(t) (m i /h r )

t  (sec)
360260 280 320 340 380220 240 300

F ig .  5 -1  Lead v e h ic le  m otion  (a) m a n eu v er  1, (b) m an eu ver  2 ooco
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5 . 3  N u m e r i c a l  R e s u l t s

The r e s u lts  of th e  In d iv idual s im u la tio n  runs w ithou t s ig n  control 

and  th o se  w ith  s ig n  con tro l a t  100 p e rc en t com pliance  a re  show n in  

T ab les  5 -1  through 5 -8 . Each ta b le  co rresp o n d s to  a p a rtic u la r  value 

o f d em an d , D .

Table 5 -1 ,  for D = 2300 , show s a d ram atic  red u c tio n  in  stopped  

tim e and a c c e le ra tio n  n o ise  due to  s ig n  c o n tro l. The im provem ent is  

c o n s is te n tly  high* for bo th  le a d  ca r m aneuvers and for e a c h  of the  three  

d riv e r s a m p le s . M aneuver 1 ^ being  more sev e re  th an  m aneuver 2 , y ie ld s  

la rg e r v a lu e s  of s to p p ed  tim e and  a c c e le ra tio n  n o ise  bo th  w ith  and w ith ­

out s ig n  co n tro l. The p o s itiv e  co rre la tio n  b e tw een  stopped  tim e and 

a c c e le ra tio n  n o ise  i s  no ted  for th e  d iffe ren t d river sam p le s . T hus, 

s to p p ed  tim e i s  a lso  a c o rre la te  of the " sm o o th n ess"  of flow , a t  l e a s t  for 

th o se  h igh  v a lu e s  of D w here the  s to p p ed  tim e is  a p p re c ia b le . The 

duty  c y c le  for the  adv iso ry  s ig n s  is  observed  to  vary  be tw een  26 per­

c en t and 29 percent'*' w ith  th e  h igher duty c y c le s  a s s o c ia te d  w ith  the  

ru n s  having la rg e r v a lu e s  of a c c e le ra tio n  n o ise  and stopped  tim e .

The p e rcen t change c a lc u la tio n s  in  the  ta b le s  of th is  ch ap te r ten d  to  
d e -e m p h as iz e  the im provem ents due to  s ig n  c o n tro l. A red u c tio n  in  
a c c e le ra tio n  n o ise  from 10 to  5 is  a 50% d e c re a se  w h ereas  a change 
from 5 to  10 is  a 100% in c re a s e .

+S ince the  v e h ic le s  tra v e l a t  c o n s ta n t v e lo c ity  before  th e  le a d  v e h ic le  
m aneuver b e g in s , se v e ra l s ig n s  n ear th e  beg inn ing  of the  roadw ay are 
n ever s e t .  Om itting th e se  s ig n s  from th e  du ty  c y c le  c a lc u la tio n  w ould 
in c re a s e  the  s ta te d  p e rc en ts  by  abou t 25%.
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Table 5 - 2 ,  for D = 220 0 , s im ila rly  show s la rg e  re d u c tio n s  in  

s topped  tim e and a c c e le ra tio n  n o ise  for bo th  m aneuvers and for a ll 

d riv e r s a m p le s . H ow ever th e  im provem ents a re  no t a s  d ram atic  a s  

th o se  for D = 2300 and  th e re  e x is ts  g re a te r  v a r ia b ility  among the  four 

d riv e r s a m p le s .

Referring to  T ables 5 -3  through 5 -8  i t  is  s e e n  th a t th e  stopped  

tim e i s  sm all for D = 2100 and  e s s e n t ia l ly  zero  for sm alle r v a lu es  

of D bo th  w ith  and  w ithou t s ig n  c o n tro l.

At D = 2100 th e  av erag e  red u c tio n  of a c c e le ra tio n  n o ise  is  s t i l l  

s u b s ta n tia l ex ce p t for d river sam ple 3 under m aneuver 2 for w hich  the 

re d u c tio n  i s  n e g lig ib le . In T able 5 -6 ,  f o r D = 1800, i t  i s  o b serv ed  th a t 

a lthough  there  is  an o v e ra ll im provem ent due to  s ig n  co n tro l, th ree  of 

th e  e ig h t runs y ie ld  a sm all in c re a s e  in  a c c e le ra tio n  n o is e .

The s y s te m 's  perform ance for d iffe ren t v a lu e s  of D i s  now 

e v a lu a te d  on th e  b a s is  of th e  p e rc en t change  in  s to p p ed  tim e and 

a c c e le ra tio n  n o ise  av erag ed  over a ll  d river sam p les  for e a c h  m aneuver.

The av erag e  s to p p ed  tim e and th e  av erag e  a c c e le ra tio n  n o ise  (w ith  and 

w ith o u t th e  s ig n s) and  the  av erag e  p e rcen t ch ange*  of th e s e  q u a n titie s  

a re  show n in  T able  5 -9  and Table 5 -1 0  for m aneuvers 1 and  2 re s p e c tiv e ly . 

For each  v a lue  of D and for bo th  m aneuvers the  s im u la tio n  w as run  w ith  

four d iffe ren t d riv e r s a m p le s , ex cep t for th o se  few c a s e s  no ted  in  the

The av erag e  p e rcen t change is  th e  av erag e  of the  p e rcen t ch an g es  for th e  
d iffe ren t d river s a m p le s , n o t th e  p e rcen t change of the  av erag e  q u a n titie s  
appearing  in  T ab les  5 -9  and 5 -1 0 .



92

ta b le s  w here th ree  d river sam p les  w ere u s e d .

For m aneuver 1 (s e e  Table 5-9) th e  d e c re a se  in  s topped  tim e 

i s  d ram atic  for D = 2300 and D = 2200 bu t e s s e n t ia l ly  n eg lig ib le  for 

sm alle r v a lu es  of D for w hich  v e h ic le s  a re  not forced  to  s to p . The 

d e c re a se  in  a c c e le ra tio n  n o ise  is  s u b s ta n tia l  for v a lu e s  o f D 

be tw een  2300 and 2000 and is  judged  to  be  s ig n if ic a n t for th e  o ther 

dem and r a te s .  The re s u lts  for m aneuver 2 (se e  Table 5-10) are 

s im ila r e x cep t for th e  n eg lig ib le  re d u c tio n  in  a c c e le ra tio n  n o ise  for 

D = 1800 and D = 1700.

C om parison of th e  re s u l ts  for m aneuvers 1 and 2 show th a t ,  

w ith  few e x c e p tio n s , th e  e n tr ie s  in  Table 5 -9  are  g re a te r  th an  the  cor­

resp o n d in g  e n tr ie s  in  Table 5 -1 0 . It i s  no t su rp ris in g  th a t the  stopped  

tim e and a c c e le ra tio n  n o ise  are  la rg e r for m aneuver 1 s in ce  i t  i s  the 

more sev e re  m aneuver. The fa c t th a t th e  av erag e  p e rcen t ch an g es  are  

la rg e r for m aneuver 1 le a d s  to  th e  co n c lu s io n  th a t s ig n  con tro l is  

com paratively  more e ffec tiv e  for la rg e r p e rtu rb a tio n s .

From Table 5 -11  i t  i s  observed  th a t h igher v a lu e s  of D requ ire  

a h igher du ty  c y c le . M aneuver 1 re q u ire s  a h igher duty  c y c le , on the  

a v e ra g e , th an  m aneuver 2 , a lth o u g h  th e  o p p o site  i s  true  for D = 2200 

and  D = 2100.
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The re s u lts  p re se n te d  above h av e  b een  for 100% co m pliance , 

th a t i s ,  w hen a ll  d riv e rs  respond  to  th e  a d v is o r /  s ig n  s e t t in g s . In th is  

study  i t  h a s  b een  h y p o th es ized  th a t s ig n  con tro l im provem ents w ill not be 

s u b s ta n tia lly  eroded  under co n d itio n s  o f p a rtia l com pliance  s in c e  a d river 

who resp o n d s  to  a s ig n  fo rce s  th e  fo llow ing  d riv e rs  to  d e c e le ra te .

R esu lts  for p a r tia l com pliance  are  p re se n te d  in  th e  follow ing d is c u s s io n .

The re s u lts  a t v a rio u s  com pliance  le v e ls ,  for m aneuver 1, are 

p re sen ted  in  T ab les  5 -1 2  through 5 -1 6  for dem and ra te s  be tw een  2300 and 

1900 v e h ic le s  p er hour * . The im provem ents due to  s ig n  con tro l a t low er 

dem ands are  no t la rg e  enough to  w arran t s im u la tio n  runs a t in te rm ed ia te  

com pliance le v e ls .

For D = 2300 and D = 2200 (se e  T ab les  5 -1 2  and 5 -13) th e  

s to p p ed  tim e is  ap p rec iab le  w ithou t s ig n  co n tro l. Stopped tim e g en era lly  

in c re a s e s  a s  th e  com pliance  le v e l d e c r e a s e s ,  y e t a  co n sid e ra b le  im prove­

ment is  show n a t th e  20 p e rc en t le v e l of co m p lian ce . At D = 2100 (see  

Table 5 -14) th e  s topped  tim e is  sm all and i t s  v a ria tio n  w ith  com pliance 

le v e l fo llow s no p a rte m . At low er v a lu e s  o f D th e  stopped  tim e is  zero  

or n eg lig ib le .

The s im u la tio n  runs w ithou t s ig n  con tro l and th o se  w ith  s ig n  con tro l a t 

100 p e rcen t com pliance  w ere  m ade, a t m ost of th e  dem and r a te s ,  for each  

o f four d iffe ren t d riv e r sam p les . H ow ever th e  tim e requ ired  for each  

s im u la tio n  run p rec lu d ed  g en era tin g  re s u l ts  for a ll  four d riv e r sam p les  a t 

th e  o th e r com pliance  le v e ls .
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T ab les 5 -12  through 5 -16  a ls o  in d ic a te  how th e  a c c e le ra tio n  

n o ise  ch an g es  a s  a function  of com pliance  le v e l .  T able 5-12 show s 

th a t for D = 2300 th e re  i s  l i t t l e  d eg rad a tio n  of p erfo rm ance, ev en  a t  the  

20 p e rcen t le v e l of co m p lian ce . At D = 2200 the  com pliance  le v e l h as  

m inim al e ffe c t u n til i t  f a l ls  below  40%. At low er v a lu e s  of dem and ,the  

com pliance  le v e l b eg in s  to  have a s ig n if ic a n t e ffe c t a t  a v a lu e  be tw een  

80 and  60 p e rc e n t. T hese re s u l ts  a re  sum m arized in  T able 5 -1 7  w hich  

p re se n ts  th e  p e rcen t change in  a c c e le ra tio n  n o ise  from th e  co n d itio n  of 

no s ig n  con tro l to  th e  co n d itio n  of s ig n  con tro l a t  v a rio u s  le v e ls  o f 

co m p lian ce . T hese  sam e re s u lts  are  g rap h ica lly  p re sen te d  in  F ig .5 -2 .
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5 - 4  R e c o m m e n d a t i o n s  l o r  F u r t h e r  S t u d y

Based on th e  m odels a ssum ed  for c a r  fo llow ing and s ig n  fo llow ­

in g , and u s in g  th e  a lgorithm  d eveloped  in  C hap ter 4 , a  s ig n if ic a n t 

im provem ent in  sy stem  perform ance h a s  b een  dem o n stra ted  by u sing  

ad v iso ry  s ig n  co n tro l. No refinem ents  in  th e  m athem atica l m odels 

can  su b s ti tu te  for fie ld  t e s t s .  It is  recom m ended th a t a pro to type 

sy stem  be co n stru c te d  and te s te d ,  in  o rder to  determ ine th e  a c tu a l 

le v e l o f im provem ents.

An im portan t c o n sid e ra tio n  for any tra ff ic  con tro l sy stem  is  

w h e th er i t  e f fe c ts  a  red u c tio n  in  tra v e l tim e . On the  s im u la ted  h ig h ­

w ay th e  tra v e l tim e of v e h ic le  1 is  u n affec ted  by s ig n  con tro l and the  

tra v e l tim es of th e  o th e r v e h ic le s  are com plete ly  determ ined  by th e ir  

tim e headw ays a t th e  highw ay te rm in u s , being  u n affec ted  by th e  

dynam ics on in term ed ia te  s e c tio n s . On an a c tu a l h ighw ay w ith  e n ­

tra n c e s  and e x its  a t in te rm ed ia te  p o in ts , th e  tra v e l tim e of an  arb itra ry  

v e h ic le  i s  profoundly a ffe c ted  by th e  dynam ics of th e  flow . For exam ple, 

i f  a  v e h ic le  i s  approach ing  i t s  e x it and th e re  is  a tem porary  s to p p ag e  

of tra ff ic  b e tw een  th is  v e h ic le  and the  e x it ,  th en  th is  s to p p ed  tim e 

d ire c tly  adds to  th e  v e h ic l e 's  tra v e l tim e. Thus i t  i s  e x p ec te d  th a t 

th e  a b ility  o f a  s ig n  con tro l sy stem  to  reduce  s topped  tim e in  d a n se  

tra ff ic  w ill le a d  to  tra v e l tim e sav in g s  on an  a c tu a l h ighw ay. The ex ten t 

o f th is  red u c tio n  in  tra v e l tim e m ust aw ait a fie ld  t e s t .
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For m ajor highw ay in c id e n ts  su ch  a s  a c c id e n ts  and d isa b le d  

v e h ic le s  th e  d e te c to rs  c an ,re a d ily  p rovide rap id  and p re c ise  lo c a tio n  

of th e  d is ru p tio n  en ab ling  sw if te r  c o rrec tiv e  ac tio n  and the reb y  d e ­

c re a s in g  th e  to ta l  d e lay  incurred  by upstream  v e h ic le s . In ad d itio n  

i t  is  ex p ec ted  th a t  th e  in c id e n ce  of re a r-e n d  a c c id e n ts  under th e s e  

c irc u m stan c es  w ill be s u b s ta n tia lly  reduced  due to  th e  advance  w arn ­

ing nature  of th e  adv iso ry  s ig n s .

A lthough a c o s t a n a ly s is  of th e  p roposed  sy stem  h as  not been  

undertaken  i t  is  fe lt th a t th e  sy stem  is  econom ically  fe a s ib le .  The 

Toronto in te rs e c tio n  con tro l sy s te m , inc lud ing  1000 d e te c to rs , is  p ro­

je c te d  to  c o s t  $5 m illion  in  c a p ita l o u tla y . S ince a 16 m ile len g th  of 

s ix  la n e  highw ay w ould u se  1000 d e te c to rs , th e  c o s t  of ad v iso ry  s ig n  

con tro l is  e s tim a te d  to  be about $300,000 per m ile . This is  a sm all 

frac tio n  of th e  c o s t of co n stru c tin g  a  m ile of highw ay in  an urban  a re a .

An a c c u ra te  c o s t-e f fe c tiv e  a n a ly s is  would involve build ing  

th e  sy stem  and com paring b e fo re -a n d -a f te r  s ta t i s t ic s  on trav e l tim e, 

th roughpu t, and a c c id e n ts .

Further in v e s tig a tio n s  shou ld  in c lu d e  th e  e ffe c t of adv iso ry  

s ig n  and d e te c to r  sp ac in g s  on im provem ents afforded by th e  sy stem . 

T hese  sp a c in g s  are  d ire c tly  re la te d  to  the  c o s t of th e  sy stem .



T ab le  5 -1  R e su lts  w ithou t s ig n  co n tro l and w ith  s ig n  c o n tro l a t 100*% co m p lian ce ,

for D = 2300 v e h /h r

D riv er
Sam ple

M aneuver
N um ber

Stopped T im e  
(se c )

A c c e le r a tio n  N o ise  
( f t /  s e c 2) 2

Duty C ycle  
w ith  Sign  

C ontrol

(%)W ithout
Signs

With
S igns

P e r c e n t
Change

W ithout
S igns

With
Signs

P e r c e n t
C hange

1 1 328. 21. 2 - 9 3 .6 3 8 .9 2 14. 11 - 6 3 .7 27. 2

3 1 321. 18. 8 - 9 1 .5 2 8 .3 3 1 4 .71 - 4 8 .2 25. 2

4 1 707. 94. 8 - 8 6 .6 4 0 . 85 17. 58 - 5 7 .0 29. 2

1 2 165. 27. 8 -8 3 . 1 2 6 .0 9 13. 81 -4 7 . 2 2 5 .9

3 2 199. 6 2 . 0 - 6 8 .9 2 6 .4 2 14. 10 - 4 6 .6 26. 7

4 2 4 62 . 4 9 .6 - 8 9 .3 3 6 .4 8 16. 34 -5 5 . 2 2 7 .6



T ab le  5 -2  R e su lts  w ithou t s ig n  c o n tro l and w ith  sign  c o n tro l a t 100% co m p lian ce ,

, fo r  D = 2200 v e h /h r

D riv e r
S am ple

M aneuver
N um ber

Stopped T im e  
(sec)

A c c e le ra t io n  N oise  
( f t /  s e c 2) 2

D uty C ycle 
w ith  Sign 

C o n tro l
(%)W ithout

Signs
W ith

Signs
P e rc e n t
Change

W ithout
Signs

W ith
Signs

P e rc e n t
C hange

1 1 5 8 .2 9 .6 -8 3 .5 18.64 11.49 -3 8 .4 2 4 .5

2 1 372. 6 4 .4 -8 2 .7 25. 13 13.99 -4 4 .3 2 6 .9

3 1 4 6 .4 1 .0 - 9 7 .8 16. 80 11.60 -3 0 .9 24 .6

4 1 342. 8 4 .6 -7 5 .3 3 3 .9 1 13 .70 -5 9 .6 2 6 .5

1 2 9 .8 1 .0 -8 9 .8 13.61 11. 19 -1 7 . 8 24. 1

2 2 407. 5 1 .4 -8 7 .4 3 2 .9 0 13.84 -5 8 .0 27. 1

3 2 3 2 .8 11.6 -6 4 .6 15 .28 11.61 -2 4 .0 2 5 .4

4 2 6 4 .2 3 1 .6 -5 0 .8 18.32 13 .30 -2 7 .4 2 6 .9

co
00



T ab le  5 -3  R e su lts  w ithou t s ig n  c o n tro l and w ith  s ig n  c o n tro l a t 100% co m p lian ce ,
fo r  D = 2100 v e h /h r

D riv er
Sam ple

M aneuver
N um ber

Stopped T im e  
(s e c )

A c c e le r a t io n  Noise; 
( f t / s e c 2) 2

Duty C y cle  
w ith  Sign  

C ontrol
(%)W ithout

Signs
With

S igns
P e r c e n t  
C hange +

W ithout
S igns

With
S igns

P e r c e n t
C hange

1 1 0 .0 2 .8 - 10 .51 8. 742 -1 6 . 8 21. 8

2 1 2 0 .6 3 4 .0 +65. 0 16 .91 10. 87 - 3 5 .7 2 3 .9

3 1 1. 2 3 .0 - 10 .67 9 .2 1 4 - 1 3 .6 22. 1

4 1 4 1 .4 19 .6 - 5 2 .8 14. 86 10. 81 -2 7 .3 2 4 .6

1 2 0 .0 1 .2 - 9 .2 3 4 8 .0 2 6 -1 3 . 1 2 1 .0

2 2 6 1 .0 1 9 .0 - 6 8 .9 1 9 .4 0 1 1 .0 5 2 - 4 3 .0 2 6 .6

3 2 0. 8 2 .4 - 10. 06 9 .8 5 6 -  2 .0 3 21. 1

4 2 0 . 0 3 .6 - 13 .26 1 0 .7 7 -1 8 . 8 28 . 1

 ̂M iss in g  e n tr ie s  in  th is  co lum n in d ica te  that the change i s  z e r o  or n e g lig b le  and i s  
tr e a te d  as z e r o .



T ab le  5 -4  R e su lts  w ithou t s ig n  c o n tro l and w ith  sign  c o n tro l a t 100% co m p lian ce ,

fo r  D = 2000 v e h /h r

D r iv er
Sam p le

M aneuver

Stopped T im e  
(se c )

A c c e le r a tio n  N o ise  
( f t /  s e c 2) 2

Duty C ycle  
w ith  Sign  

C ontrol 
(%)N um ber W ithout

S igns
With
S igns

P e r c e n t  
Change t

W ithout
S igns

With
S igns

P e r c e n t
Change

1 1 0 .0 0. 0 - 7 .5 6 4 6 .5 5 4 - 1 3 .4 19 .7

2 1 0. 0 1 .2 - 11. 21 8. 735 -2 2 . 0 2 2 .4

3 1 0. 0 0. 0 - 8. 581 8 .0 6 0 -6 .  07 2 1 .9

4 1 0 .0 0. 0 - 10 .93 8 .2 5 9 - 2 4 .4 2 2 .3

1 2 0. 0 0. 0 - 6 .5 8 3 6 . 217 - 5 .5 6 17 .6

2 2 0. 0 0 .0 - 10 .66 8. 107 - 2 3 .9 22. 3

3 2 0. 0 0. 0 - 8. 182 7. 038 - 1 4 .0 19 .6

4 2 0. 0 0. 0 - 10. 15 8. 120 -2 0 . 0 24. 0

^ M iss in g  e n tr ie s  in  th is  co lum n in d ica te  that th e change i s  z e r o  or n e g lig ib le  and is  
tr e a te d  a s  z e r o .



T ab le  5 -5  R e su lts  w ithou t s ig n  c o n tro l and w ith  s ig n  c o n tro l a t 100% co m p lian ce ,

fo r  D = 1900 v e h /h r

D riv e r
S am ple

M aneuver
N um ber

Stopped T im e 
(sec)

A c c e le ra t io n  N o ise  
( f t /  s e c 2) 2

Duty C ycle 
w ith  Sign 
C o n tro l 

(%)
W ithout

Signs
W ith
Signs

P e rc e n t
C hange

W ithout W ith 
Signs Signs

P e rc e n t
C hange

1 1 0 .0 0 .0 - 5 .6 9 7 5 .5 1 7 -3 . 16 18. 1

2 1 0. 0 0. 0 - 7 .8 4 3 6 .9 7 4 -1 1 . 1 18. 1

3 1 0 .0 0 .0 - 6 .6 4 8 6. 006 -9 .6 6 20. 1

4 1 0 .0 0. 0 - 7. 158 6 .7 3 1 -5 .9 7 2 0 .6

1 2 0 .0 0. 0 - 5 .0 7 9 4 . 807 -5 .3 6 15. 1

2 2 0 .0 0 .0 - 7 .2 9 9 6 .3 0 6 -1 3 .6 2 0 .4

3 2 0. 0 0 .0 - 6 .5 8 1 5 .7 9 8 -1 1 .9 19.5

4 2 0. 0 0 .0 - 7. 027 6 . 234 -1 1 .3 19 .0 101



T ab le  5-6  R esu lts  w ithou t s ig n  c o n tro l and w ith  s ig n  c o n tro l a t 100% co m p lian ce ,

fo r  D = 1800 v e h /h r

D riv e r
Sam ple

M aneuver

Stopped T im e 
(sec)

A c c e le ra tio n  N oise  
( f t /  s e c 2)2

Duty C ycle 
w ith  Sign 

C o n tro l
(%)

N um ber W ithout
Signs

W ith
Signs

P e rc e n t
C hange

W ithout
Signs

W ith
Signs

P e rc e n t
C hange

1 1 0. 0 0. 0 - 4 .7 9 1 4 .3 2 4 -9 .7 5 17.2

2 1 0. 0 0. 0 - 5. 851 6. 199 +5. 95 18.5

3 1 0. 0 0. 0 - 5 .6 1 8 5. 180 -7 .7 9 16.7

4 1 0. 0 0. 0 - 5 .6 0 3 4 .9 3 9 -1 1 .9 17. 1

1 2 0. 0 0. 0 - 4 . 288 3 .9 0 9

00•001 13 .2

2 2 0. 0 0. 0 - 5 .5 5 2 5 .7 3 4 + 3.28 17.7

3 2 0. 0 0. 0 - 5 .3 8 2 5. 031 -6 .5 2 16 . 1

4 2 0. 0 o • o - 4 . 851 5. 009 +3.26 15.6



T ab le  5 -7  R e su lts  w ithou t sign  c o n tro l and w ith  s ig n  c o n tro l a t 100% co m p lian ce ,

fo r  D = 1700 v e h /h r

D riv e r
Sam ple

M aneuver
N um ber

Stopped T im e 
(sec)

A c c e le ra t io n  N oise  
( f t /  s e c 2) 2

Duty C ycle  
w ith  Sign 
C o n tro l

(%)W ithout
Signs

W ith P e rc e n t  
Signs C hange

W ithout
Signs

With
Signs

P e rc e n t
C hange

1 1 0. 0 0. 0 - 3 .9 6 2 3 .4 9 4 -1 1 . 8 15. 1

2 1 0. 0 0. 0 - 4 .9 1 1 4 .9 1 7 +0. 1 14. 1

3 1 0 .0

o•o - 4 . 814 4 . 321 -1 0 . 2 16.7

4 1 0 .0 0. 0 - 4 .2 7 1 4 .2 9 1 +0. 5 15. 5

1 2 0. 0 0. 0 - 3 .5 4 2 3 .3 0 9 -6 .5 8 13.4

2 2 0 .0 0. 0 - 4 . 654 4. 803 + 3.2 16.5

4 2 o•o

0. 0 - 4 .0 0 7 3. 980 -0 .7 15.5



T ab le  5^8 R e su lts  w ithou t s ig n  c o n tro l and w ith  s ig n  c o n tro l a t 100% co m p lian ce ,

fo r  D = 1600 v e h /h r

D riv e r
Sam ple

M aneuver
N um ber

Stopped T im e 
(sec)

A c c e le ra tio n  N oise  
( f t /  s e c 2) 2

Duty C ycle 
w ith  Sign 
C o n tro l

(%)W ithout
Signs

W ith P e rc e n t  
S igns C hange

W ithout
Signs

W ith
Signs

P e rc e n t
C hange

1 1 0 .0 0. 0 3 .2 4 0 2 .7 8 7 -1 4 . 0 12.9

2 1 0. 0 0 .0 4 .3 8 6 4. 146 - 5 .5 15 .7

4 1 0 .0 0. 0 3 .6 2 9 3 .3 6 4 - 7 .3 14.6



T ab le  5 -9  R esu lts  w ithou t sign  c o n tro l and w ith  s ig n  c o n tro l a t 100^>
co m p lian ce , a v e ra g e d  o v e r s e v e ra l  d r iv e r  s a m p le s ,

fo r  m a n e u v e r  1

Stopped T im e (sec) A c c e le ra t io n  N oise  ( f t / s e c 2) 2

Demand
D

(veh /h r)

A v erag e
W ithout

Signs

A v erag e
W ith
Signs

A v erag e
P e rc e n t
Change^

A v erag e
W ithout

Signs

A v erag e
W ith
Signs

A v erag e
P e rc e n t
Change

2300* 4 1 8 .7 4 4 .9 -9 0 . 5 36. 03 15.46 -5 6 .3

2200 204 .7 3 9 .9

00•001 2 3 .62 12 .70 -4 3 . 3

2100 15. 8 14. 9 - 13. 24 9 .91 -2 3 .4

2000 0. 0 0 .3 - 9. 57 7 .9 0 -1 6 .5

1900 0. 0 0 .0 - 6. 84 6 .3 1 - 7 .5

1800 0. 0 0. 0 - 5 .47 5. 16 - 5 .9

1700 0. 0 0. 0 - 4 .4 9 4. 26 -5 .4

1600** 0. 0 0. 0 - 3. 75 3 .43 - 8 .9

★
E xcludes d r iv e r  sam p le  2 

E xcludes d r iv e r  sam p le  3

^ The m is s in g  e n tr ie s  in  th is  co lum n in d ic a te  th a t  th e  
change is  z e ro  o r  n eg lig ib le  and is  t r e a te d  as  z e ro .



I

T ab le  5 -10  R e su lts  w ithou t s ig n  c o n tro l and w ith  sign  c o n tro l a t  100% 
c o m p lian ce , a v e ra g e d  o v e r  s e v e ra l  d r iv e r  s a m p le s , 

fo r  m a n e u v e r  2

Demand
D

(v e h /h r)

Stopped T im e  (sec ) A c c e le ra t io n  N oise  ( f t / s e c 2)2

A v erag e
W ithout

Signs

A v erag e
W ith
Signs

A v erag e  
P e rc e n t  
C hange t

A v erag e
W ithout

Signs

A v erag e
W ith
Signs

A v e rag e
P e rc e n t

C hange

2300* 275 .3 4 .6 5 -8 0 .4 29. 66 14.75 -4 9 .6

2200 128.4 2 3 .9 -7 3 . 2 20. 03 12.49 -3 1 . 8

2100 15.45 6 .5 5 - 17* 2 12. 99 9 .9 3 -1 9 .2

2000 0. 0 0. 0 - 8. 89 7 .3 7 -1 5 .9

1900 0 .0 0. 0 - 6 .4 9 7 5 .786 -1 0 . 5

1800 0. 0 0. 0 - 5. 018 4 . 921 - 2 .2

ific
1700 0. 0 0. 0 - 4 . 067 4 . 031 - 1 .4

★
E x cludes d r iv e r  sam p le  2

*★
E x cludes d r iv e r  sam p le  3

M issin g  e n tr ie s  in  th is  co lum n in d ic a te  th a t  th e  change is  z e ro

106
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T a b le  5 -11  A v e rag e  du ty  c y c le  o f a d v iso ry  

s ig n s  a t 100% co m p lian ce

D em and
D

fv eh /h r)

D uty C ycle  (%)

M an eu v er 1 M an eu v er 2 *

2300 2 7 .2 2 6 .7

2200 25 .6 2 5 .9

2100 23. 1 2 4 .2

2000 2 1 .6 2 0 .9

1900 19 .2 18.5

1800 17 .4 15.7

1700 15 .4 15. 1

1600 14 .4

M an eu v er 2 w as no t ru n  fo r  D = 1600
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T ab le  5 -1 2  R e su lts  a t v a r io u s  co m p lian ce  le v e ls ,

fo r  m a n e u v e r  1, fo r D = 2300^

C om pliance
L evel
(%)

Stopped
Time
(sec)

A cce le ra tion  
N oise  

( f t / s e c 2)2

D uty
C y cle

(%)

100 4 4 .9 15 .46 2 7 .2

80 8 2 .7 15 .93 2 7 .1

60 7 6 .3 15 .72 2 9 .2

40 7 4 .4 16 .02 2 8 .1

20 106 .6 18 .5 3 2 9 .5

0 * 4 1 8 .6 3 6 .0 3 -

In c lu d es  d r iv e r  s a m p le s  1 ,3 , and 4 
* R e s u lts  fo r  no sign  c o n tro l

T ab le  5-13  R e su lts  a t  v a r io u s  co m p lian ce  le v e ls ,  

fo r  m a n e u v e r  1, fo r  D = 2200^

C om pliance
L evel

(%)

Stopped
Time
(sec)

A cce le ra tio n  
N oise 

( f t / s e c 2 )2

D uty
C ycle
(%)

100 5 2 .9 1 3 .06 2 6 .0

80 5 4 .2 1 3 .7 0 2 7 .4

60 73 .2 13 .62 2 8 .4

40 9 8 .5 1 4 .7 0 2 9 .9

20 117. 16 .81 2 9 .6

0 * 257 . 2 5 .9 0 -

f
In c lu d es  d r iv e r  s a m p le s  1, 2, and 4 
R e s u lts  fo r  no s ig n  c o n tro l



T a b le  5 -1 4  R e su lts  a t v a r io u s  co m p lian ce  le v e ls ,

fo r  m a n e u v e r  1, fo r  D = 2100 ^

C om pliance
Level
(%)

Stopped
Time
(sec)

A cce le ra tio n
N oise

( f t / s e c 2)2

Duty
C ycle
(%)

100 18 .5 10 .0 4 2 3 .0

80 6 .3 10 .46 2 4 .5

60 2 8 .2 11 .36 2 5 .0

40 3 5 .7 11 .58 2 5 .3

20 3 .1 12 .24 2 5 .4

0 * 10 .9 13 .79 -

 ̂ In c lu d es-d r iv er  sa m p le s  2 and 3
•ĵ

R e su lts  for  no s ig n  co n tro l

T ab le  5 -1 5  R e su lts  at v a r io u s  co m p lia n c e  le v e ls ,
+

fo r  m a n eu ver  1, fo r  D = 2000

C om pliance
Level

(%)

Stopped
Time
(sec)

A cce le ra tion  
N oise  

( f t /  s e c 2 )2

Duty
C ycle
(%)

100 0 .4 7 .6 2 2 1 .3

80 1 .1 7 .89 2 0 .9

60 0 .0 7 .86 2 2 .4

40 0 .0 8 .1 5 2 0 .7

20 1 .9 8 .2 8 2 1 .8

0 * 0 .0 9 .0 2 -

^ In clu d es d r iv e r  sa m p le s  1 ,3 , and 4
ic

R e su lts  fo r  no s ig n  co n tro l
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T ab le  5-16 R e su lts  a t v a r io u s  co m p lian ce  le v e ls ,

fo r  m a n e u v e r  1, fo r  D = 1900^

C om pliance
Level

(%)

Stopped
Time
(sec)

A cce le ra tion  
N oise 

( f t / s e c 2)2

Duty
C y cle
(%)

100 0 .0 6 .4 1 18.9

80 0 .0 6 .5 0 19 .5

60 0 .0 6 .69 1 9 .0

40 0 .0 6 .6 5 19 .2

20 0 .0 6 .5 9 2 0 .3

0* 0 .0 6 .9 0 -

* In c lu d es  d river sam ples 1 ,2 ,  and 4 

R esu lts  for no s ig n  contro l

T ab le  5 -1 7  P e r c e n t  change in  a c c e le r a t io n  n o is e  due to

sig n  co n tro l at v a r io u s  c o m p lia n c e  le v e ls ,  
fo r  m a n eu ver  1

D em and
D

(veh /h r)

P ercen t C hange in  A cce le ra tio n  N oise

C om pliance Level 
100% 80% 60% 40% 20%

2300 -57 -57 -58 -57 -5 0

2200 -50 -4 7 -47 -4 3 -35

2100 -27 -2 4 -18 -16 -11

2000 -16 -13 -13 -1 0 -  8

1900 -  7 -  6 -  3 -  4 -  4



I l l

D ec rea se

60 •x—-
X  D = 2300

50 HD  = 2200

40

30

20

x D = 2000

10 D = 1900

C om pliance 
Level (%)40 60 10020 80

F ig .5 -2  P ercen t d e c re a se  in  a c c e le ra tio n  n o ise  due to  s ig n  contro l 
a t  v a rio u s  com pliance  le v e l s , for m aneuver 1



APPENDIX A

FLOW CHARTS OF THE COMPUTER 

SIMULATION PROGRAM
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M ala P rogram

NOYES Another run ?

CALL EXIT

CALL TITLE

CALL HIWAY

Change any of 
the constants

Set constants pertaining to models used: 
SGNC, TAUA, TAUD, TAUS. BETA

Set constants that describe 
physical item s of run:

NM1LE, NCAES, CONTft L

Set constants that describe motion 
of lead ca r :

TF3(D, AF3(D, NREP, V13

Set constants tha t describe how 
c a rs  en ter the highway:

ENTER, QHOUR, 
HMODE, HMIN

Set constants that control printout: 
TXPRNT, NOPRNT, PRINTX, PRPLOT, 

IVPRNT, TV1, TV2 ________
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Subroutine TITLE

YESNO

RETURN

RETURN

sig n  contro l 
^  u s e d ?  .

G en era te  com pliance 
fac to r for e a c h  d river

Prin t v a lu e s  o f param eters 
u sed  in  th is  run

G en era te  headw ay fac to r for 
e a c h  driver



Subroutine HIWAY 115

S et t  = 0; in itia lize  x, v fo r  car 1

Every ^ 30 sec
z

_ E v e ix ^ L s e c _ A

Every . 2 sec 2
C all subroutine F3 to  com pute a (t), v ( t + .  2), 
x (t +. 2), and update d e te c to r s  fo r  lead car

> t
C all subroutine G1 to  com pute a(t), v ( t + .  2), x ( t+ .  2), 
and update d e te c to r s  fo r  a ll o th er  cars on road

'
t  = t f 0 .2

S tore  tra v e l t im e , final ve loc ity , 
e t c . , and change counters________

Has
new car entered

In itia lize position  and v eloc ity  
fo r  new car; change counters  

I

Call SETSGN i f  signs are being used

5 sec . bookkeeping & printout

30 sec . bookkeeping & printout

i



Subroutine G1 —  Vehicle Dynamics

/ W a s  \  
. / c a r  in c a r -  

NCX/following mode 
la s t tim e

YES

/  Has 
/  | a i- t | b e e n 'v

< 1 .0  for previous, 
s. second /

YES

m
sufficient! 
\ .  sm all

> /  Is ra te  o F s .
Y E S /ch an g e  of v isualN ^N O  

\  angle s ig n ific a n t/

Compute ACF, acceleration due 
to car-following

990

ANOW = A,
ANOW = ACF

Compute ASIGN, acceleration due 
to advisory s ig n s , if signs a re  

being used

a {(t) = min [ASIGN, ANOW]

Compute new and X}

Update detector information

Return



117

Subroutine G1 —  Vehicle Dynamics

Go 
to sam e 

DD mode a 
at t - . 2

mode

> + 1 . 0

mode 
time

mode 
time

mode 
time

mode 
time

Compute ACF, accel. due 
to car-following

Compute ACF, accel. 
due to car-following

N O ^ A C F  > q ri^YES

T ransfer to c a r -  
following modeWas 

car in DD 
mode 4 la st 

tim e ?

T ransfer to ca r 
following mode

mode 
tim e



Subroutine G1 —  Acceleration D ie to Car-following (ACF)
118

2 0

<0

1 >

vi-i(t-rd) -  v^t-Tj)

ACF = 0.

Compute ACF for 
a deceleration

Compute ACF for 
an acceleration

Increase  ACF (to maximum 
of 0.) if ai_j (t) > 0 and

V^t) < Vj_! (t)

Lim it ACF to be 2 -10 
unless ACF was £ -10 last 
tim e or actual spacing s

minimum safe spacing

If spacing is not too large 
and aj_!(t) < 0, decrease 
ACF due to anticipation 

from  car (i-2)

D ecrease ACF (to minimum 
of 0 .) if ai_j(t) < 0,

vi(t) > v ^ t ) ,  and spacing 

is not too large

If spacing to car ahead is 
la rg e r than norm al, increase

ACF (to a maximum of 2.0)



Subroutine G1 —  Distance-Detection Mode (DD mode)
119

Is
YES/*" actual spac- 

2 V X ing  too much smalld 
than desired  „

Is
actual spa 

ing too much 
la rg e r than d esir 

spacing 
?

spacin

m ore 
deceleration 

necess-
Y E S ^

Add= 0

Decelerate by 80% of full 
engine braking

Compute change in spacing 
that would resu lt if d river 
stopped accelerating now

car 
accelerated  

enough 
? Has car

Add “ 2 ,0

of ca r ahead
v  ? X

r
D ecelerate by 80% of full

engine braking

( 2 j



Subroutine SETSGN — Computes Advisory Sign Settings
_____________________________ sk________________

NL = section occupied by car fu rthest upstream  
NF = section occupied by ca r fu rthest dow nstream

I ^ N U l . N F + l ^

Is VD(I) 
a local minimum 

? J  = N L +1, I

J J  = I + NBEGIN

Was
sign J J  previously 

considered due to local minimum of sm aller 
value further upstream  

?
NO Is this sign locate 

at cu rren t local 
minimum 

?
Compute VSJJ: tentative 
setting for sign J J

Is VSJJ 2 
detected speed 528 f t. upstream

?

Is VSJJ a 
setting for sign JJ  computed on 

basis of another local minimum further 
upstream  ?

NO ^  \  YESND(JJ) = 0^

Set or re - s e t  sign J J  to VSJJ

Round sign settings to standard 5 m i/h r 
increm ents. Possibly set some signs off.
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Subroutine F3

This subroutine updates velocity and position fo r the c a r  that 
is furthest downstream

c a r  1 the 
c a r  furthest 
downstream

No X SSL

^C o m p u te  v(t +. 2), x(t +. 2)

Return

a(t) = 0

Call NDVD to 
update detectors

Compute a(t) 
according to 
p re-program m ed 
m aneuver of c a r  1
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Subroutine NDVD

This subroutine updates ND and VD — D etector Information

YesNo

Return

^  Did \  
c a r  that has 

just been moved 
change sections

D ecrem ent vehicle count 
on old section

Update detecto r velocity 
at section boundry

Increm ent vehicle count 
on new section



APPENDIX B 

LISTING OF FORTRAN SIMULATION

PROGRAM



on
 

o 
o 

o 
o 

o
C
C

COMMONS USEO

c MAIN ABC HM T ZK
c TITLE ABC G T ZK
c HI WAY $A C FGHMN U Z
c G1 $A G MN T
c F3 SAB G
c SETSGN $A £ N U
c NOVD S G N
c FINISH ABC F MN u ZK
c ZAP M ZK

IMPLICIT INTEGER(C*i -N)
INTEGER*2 IBRNCH,IOMGOE* COMPLY 
INTEGER ON, OFF* ENTER* PRINTX
COMMON /AAAAAA/ NCARS»NMILE»VSTART«TXPRNT« IBRNCH(350ft*

1 CAR NOW* NOPRNT* CONTRL •CNtOFF* BET A* TAUS*KSIGN*L SI GN( 100)  *
2 HBAR*HDRV(3 50) , COMPLY!350J ,VS IGN( 100*7)

COMMON /BBBBBB/TF3I5 ) *AF3<4)* BASE*NREP*NREPI,VI3 
COMMON /CCCCCC/CBUG1,CROUNO,SGNC
COMMON /HHHHHH/ PRINTX* BOMB«TXPR2*N0PR2
COMMON /KKKKKK/ESIG2»ETSTGP*ET0TLT *EPER*EPCMP,IEVAVI,IEOX*NENS*

2 JENS *EQ,ESPACEI 10 ) ,  RRI
COMMON /MMMMMM/I VPRNJ*TV1,TV2,IFIFTH,IFOL,SPACE!1 0 ) ,TSPACEI10) 
COMMON / TTTTTT/ IOMODEC350)*IAUA,TAUD*VLIMIT ,KA,KD 
COMMON /ZZZZZZ/ ENTER,QHOUR,HMIN,HMCCE, IR* HBAR2*PCMPLY.PCMP
OATA ION, IOFF /  •ON* * ‘ OFF* /
ON -  ION 
OFF = IOFF

CBUG1 SPECIFIES PRINTOUT OF OETAILS OF SIGN SETTING 
CBUG1-0 NO PRINTOUT 
CBUG1S 1 PRINTOUT EVERY 5 SECONDS

CBUGl = 0

CROUND SPECIFIES ROUNOING OF SIGN SETTINGS

MAIN 10
MAI N 20
MAIN 30
MAIN 40
MAIN 50
MAIN 60
MAIN 70
MAIN 80
MAIN 90
MAIN 100
MAIN 110
MAIN 120
MAIN 130
MAIN 140
MAIN 150
MAIN 160
MAIN 170
MAIN 180
MAIN 190
MAIN 200
MAIN 210
MAIN 220
MAIN 230
MAIN 240
MAIN 250
MAIN 260
MAIN 270
MAIN 280
MAIN 290
MAIN 300
MAIN 310
MAIN 320
MAIN 330
MAIN 340
MAIN 350
MAIN 360
MAIN 370

124



c CROUND=0 EXACT SIGN SETTINGS USED MAIN 380
c CR1DUND*I ROUND SIGN SETTINGS —  USE MODEL 1 MAIN 390
c MAIN LOO
c MAIN 410
c PCMPLY = FRACTION OF DRIVERS THAT COMPLY WITH SIGNS MAIN 420
c MAIN 430

PCMPLY = 1 . 0 MAIN 440
c MAIN 450
c MAIN 4 6 0
c SGNC IS A CONSTANT IN ADJUSTING SIGN SETTING MAIN 4 7 0
c MAIN 4 80

SGNC = 1 2 0 0 . MAIN 490
c MAIN 500
c *****  INPUT DATA MAIN 510
c MAIN 520
c HDRV(I) = VARIABLE AFFECTING OESIRED OISTANCE MAIN 530
c NCAAS = TOTAL *  OF CARS TO ENTER THE HIGHWAY MAIN 540
c NMILE = LENGTH OF HIGHUAY ( I N  MILES) MAIN 550
c BETA = SENSITIVITY CONST. TO COMPUTE ACC. OUE TO SIGNS MAIN 560
c TAUS = DELAY IN RESPONSE DUE TO SIGNS MAIN 570
c KSIGN = 5 .*T AUS ♦ . 1  ♦ 1 .  (SET IN HI WAY) MAIN 580
c MAIN 590

BETA = . 2 MAIN 600
TAUS = 2 . 0 MAIN 610
TAUA = 1 . 4 MAIN 620
TAUD=1.0 MAIN 630

c MAIN 6 4 0
c SET CONSTANTS TC SPECIFY DENSITY FUNCTION FOR HEADWAY FACTOR MAIN 650
c HMJN = MINIMUM HEADWAY FACTOR MAIN 660
c HMODE = MOOAL HEADWAY FACTOR MAIN 670
c MAIN 680

HMIN = . 3 MAIN 690
HMODE = 1 . MAIN 700

c MAIN 710
c MAIN 720
c QHOUR -  AVG. ENTERING FLOW RATE (CARS/HOURI FOR MAIN 730
c RANDOM ENTERING HEADWAYS MAI N 740



c MAIN 750
QHOUR * 2 2 0 0 . MAIN 760c MAI N 770c ENTER = 0 IF ENTERING SPACING IS SANE FOR ALL CARS MAIN 780c = I FOR DISTRIBUTION 1 (SEE TITLE 1 MAIN 790c MAIN 800

c MAIN 810c DXCAR, VCAR* ANOW» IMCDE ARE PRINTEO OUT ONCE EVERY MAIN 820c •NOPRNT" CYCLES I AFTER TNCW = TXPRNTI MAIN 830
c MAIN 840c IF * PRINTX=i* THEN XCAR ALSO PRINTEO OUT MAIN 850c MAIN 860
c IVPRNT CONTROLS PRINTING OF VELOCITY OF CARS EVERY SECOND MAIN 870c IVPRNT = 0 VELOCITIES NOT PRINTED MAIN 880c I VPRNT = 1 VELOCITIES PRINTED MAIN 890c TVl * TIME TO START PRINTING VELOCITIES MAIN 9 0 0c TV2 = TIME TO STOP PRINTING VELOCITIES MAIN 9 10
c MAIN 9 2 0c CONTRL = 0  IF  NO SIGN CONTROL MAIN 930c = 1 WITH SIGN CONTROL MAI N 940c MAIN 950
c MAIN 960c NENS SPECIFIES NUMBER OF ENSEMBLE RUNS <MAX OF 10) MAIN 970
c MAIN 98 0

NENS = I MAIN 990
NENS -  4 MAIN 1000c MAIN 1010

c IF YOU WISH RUN TO END AFTER «X« TRAVEL SECONDS* MAIN 1020c THEN • • .  *BOMB= X* MAIN 1030c OTHERWISE...  'BOMB—1 0 0 0 0 0 0 0 .  * MAIN 1040c MAIN 1050c MAIN 1060c TXPRNT = TINE WHEN PRINTING OF X,V,A,MODE BEGINS MAIN 1070c IF  YOU DO NOT WISH TO HAVE X» V* A, MODE MAIN 1080c PRINTED OUT AT ALL, SET TXPRNT = 1 0 0 0 0 0 0 . MAIN 1090c BEFORE CALLING HI WAY MAIN 1100
c MAIN 1110



o
o

o
n

o
o

o
o

 
n 

o 
o TXPR2 * TIME TO CHANGE TO PRINTING X»V*A,MODE EVERY 'N0PR2* MAIN 1120

CYCLES MAIN
MAIN

1130
1140

TXPRNT=i.E6 MAIN 1150
TXPP2 = I .  Efc MAIN

MAIN
MAIN

1160
1170
1180

I F  USING F3 FOR LE*D CAR MANEUVER* SET MAIN 1190
NREP NUMBER OF REPETITIONS OF BASIC MANEUVER MAIN 1200
TF 3 I I J  = TIRE INSTANTS DESCRIBING BASIC MANEUVER MAIN 1210
A F3II)  = ACCELERATIONS USED IN BASIC MANEUVER (FT/SEC/SECI MAIN 1220
VI3 INITIAL VELOCITY (MI/HRI MAIN

MAIN
1230
1240

NOPRNT = I MAIN 1250
N0PR2 * 5 MAIN 1260
PRINTX = 0 MAIN 1270
TVI *  -220 , MAIN 1280
TV2 = 2 0 0 0 . MAIN 1290
BOMB = 2 0 0 0 . MAIN 1300
T P 3 ( 11 *  0 . 2 3 7 . MAIN 1310
TF3I2)  = 7 . 4 ♦ 23 7. MAIN 1320
TF 3I3)  * 2 7 . 4 ♦ 2 3 7 . MAIN 1330
TF 3I4 )  = 3 4 . 8 ♦ 2 3 7 . MAIN 1340
T F 3 I5 I  = 5 4 . 8 ♦ 2 3 7 . MAIN 1350
AF3I I )  -  - 3 . 0 MAIN 1360
AF 31 2) = 0 . 0 MAIN 1370
AF3I3) = 3 . 0 MAIN 1380
AF3I4) = 0 . MAIN 1390
NREP = 50 MAIN 1400
VI3 = 5 0 . MAIN 1410
ENTER * I MAIN 1420
C ROUND = I MAIN 1430
NMILE = 10 MAIN 1440
NCARS = 80 MAIN 1450
IVPRNT = 0 MAIN 1460
NENS = 4 MAIN

MAIN
1470
1480



O 
O QHOUR VARIES* PCMPLY = 1 . 0

QHOUR = 2 0 0 0 .
CONTRL = 0 
CALL ZAP 
CONTRL = 1 
CALL ZAP 

C
QHOUR * 1 9 0 0 .
CONTRL = 0 
IVPRNT = 1 
CALL ZAP 
CONTRL = 1 
CALL ZAP

C
QHOUR = 1 8 00 .
CONTRL = 0 
I VPRNT = 0 
CALL ZAP 
CONTRL = I 
CALL ZAP

C
QHOUR = 1 7 00 .
CONTRL = 0 
CALL ZAP 
CONTRL = 1 
CALL ZAP

C
QHOUR = 1600 .
CONTRL = 0 
I VPRNT = I 
CALL ZAP 
CONTRL = 1 
CALL ZAP

C
QHOUR = 1 5 0 0 .
IVPRNT = 0

MAIN 1490 
MAIN 1500 
MAIN 1510 
MAIN 1520 
MAIN 1530 
MAIN 1540 
MAIN 1550 
MAIN 1560 
MAIN 1570 
MAIN 1580 
MAIN 1590 
MAIN 1600 
MAIN 1610 
MAIN 1620 
MAIN 1630 
MAIN 1640 
MAIN 1650 
MAIN 1660 
MAIN 1670 
MAIN 1680  
MAIN 1690 
MAIN 1700 
MAIN 1710 
MAIN 1720 
MAIN 1730 
MAIN 1740 
MAIN 175C 
MAIN 1760 
MAIN 1770 
MAIN 1780 
MAIN 1790 
MAIN 1800 
MAIN 1810 
MAIN 1820 
MAIN 1830 
MAIN 1840 
MAIN 1850



CONTRL = 0 MAIN 1860
CALL ZAP MAIN 1870
CONTRL = 1 MAIN 1880
CALL ZAP MAIN 1890

MAIN 1900
QHOUR = 1 4 0 0 . MAIN 1910
CONTRL « 0 MAIN 1920
CALL ZAP MAIN 1930
CONTRL = 1 MAIN I9 6 0
CALL ZAP MAIN 1950

MAIN 1960
QHOUR = 1 3 0 0 . MAIN 1970
IVPRNT = 1 MAIN 1980
CONTRL = 0 MAIN 1990
CALL ZAP MAIN 2000
CONTRL = 1 MAIN 2010
CALL ZAP MAIN 2020

MAIN 2030
CALL EXIT MAIN 2040
STOP MAIN 2050
ENO MAIN 2060
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o
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o
o
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o
o

o

SUBROUTINE HI WAY

*****  VARIABLES USED IN THIS PROGRAM (UNITS OF FEET 4 SECONDS)

TNQW = TIME NOW
CARONE = THE CAR THAT IS FARTHEST AHEAD ON THE HIGHWAY NOW

IS THE CARGNE-TH CAR TO HAVE ENTERED THE HIGHWAY 
CYCLE1 = CARONE HAS POSITION CYCLE1 IN THE ARRAYS*

1 . E .  XCAR1CYCLE1* 1 6 1 = WHERE FURTHEST CAR IS  NOW 
CARZ = SAME AS ABOVE FOR LAST CAR ON THE ROAD
CYCLEZ = SAME AS ABOVE FOR LAST CAR ON THE ROAO
CARA, CYCLEA REFER TO FURTHEST CAR ON HIGHWAY THAT HASN'T 

REACHED THE POINT AT WHICH TRAVEL TIME I S  RECOROED

JSTO P (I)  = NUMBER OF INTERVALS I-TH CAR IS AT REST
ATOTAL(I) = SUM CF AN0WII)**2

NFEET *  NMILE * 5280
TRAVEL!II = I .  TIME WHEN I-TH CAR ENTERS HIGHWAY

2 .  TRAVELLING TIME OF I-TH CAR ON HIGHWAY

ANOW(II = LAST ACC OF I-TH CAR
J E X I T I I )  INDICATES WHEN I-TH CAR LEFT THE HIGHWAY

IMPLICIT INTEGERIC, I -N i
INTEGER*2 JEXIT, JSTOP.ZD! 71 ,ZSIGN( 7 1 , COMPLY
INTEGER*2 NO, IVCU TI350) , IOXOUT( 3 5 0 1 , IBRNCH,NSON,NSFULL*CECT
INTEGERS JSEC, JVSET ,  I VS E d  100 ,51  
INTEGER PRINTX ,  IXI 2 0 ) .O N ,0 F F ,  ENTER
DIMENSION IDX(20I*VV(20)
COMMON XCAR(386II,VCAR(386II,ANQW<2 5 0 1 , CYCLEI,CARONE,TNOW.CARA,

1 CARZ, CYCLEZ, CYCLEA 
COMMON /AAAAAA/ NCARS,NMILE.VSTART, TXPRNT, IBRNCH(350) ,

1 CARNOW* NOPRNT* CONTRL, ON*OFF* BETA*TAUS,KSIGN* LSIGN(1 0 0 ) ,
2 HBAR,HDRV(350) .COMPLY ( 3 5 0 ) , V S I G N ( I 0 0 , 7 I  

COMMON /CCCCCC/CBUGI,CROUND*SGNC
COMMON /FFFFFF/TOTALT,ATOTAL! 3 5 0 ) , TRAVEL!35C)*JEXI T!3 5 0 ) ,

HI WA 10
HIWA 20
HIWA 30
HIWA 40
HIWA 50
HIWA 60
HIWA 70
HIWA 80
HIWA 90
HIWA 100
HIWA 110
HIWA 120
HIWA 130
HIWA 140
HIWA 150
HIWA 160
HIWA 170
HIWA 180
HIWA 190
HIWA 200
HIWA 210
HIWA 220
HIWA 230
HIWA 240
HIWA 250
HIWA 260
HIWA 270
HIWA 280
HIWA 290
HIWA 300
HIWA 310
HIWA 320
HIWA 330
HIWA 340
HIWA 350
HIWA 3 6 0
HIWA 370
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1 JSTOP4 3 5 0 ) * IDXGUT»IVOUT HIWA 380
COMMON /GGGGGG/ ISI C-N,JSEC» JVSET,IVSEC» IVP, ITENP,CECT<350) HIWA 390
COMMON /HHHHHH/ PRINTX* BOMB, TXPR2»N0PR2 HIWA 400
COMMON /MMMMMM/I VPRNT *TVI *TV2S IF IFTH, IF 0LV SPACE!10) » TSPAC E ( 10 ) HIWA 410
COMKCN/NNNNNN/ITEN,ITENM,ITEND2 »ND(100 ,71 » I5SEC»VD< I 0 0 v 7) HIWA 420
COMMON /UUUUUU/ NS ON 1100 i , NS FULL ( 100 i , NF7< ICC ) * HTE ST* VSTAR X HIWA 430
COMMON / l l l l l l / ENTER9QHOURjHMIN»HMODE »IR» HBAR2 , PCMPLY»PCMP HIWA 440

c HIWA 450
c CHECK VALUES OF 0 ENTER* * 0 NCARS 6 , ‘ NMILE* HIWA 460
c HIWA 470

CHECK = 0 HIWA 480
IFIENTER.EQ.O.CR.ENTER.EQ. 1>G0 TO 51 HIWA 4 9 0
MR IT E! 6 ,  50 )ENTER HIWA 50 0

50 F O R M A T * / / / , I X , ‘ ENTER = « • I 3 , 8 X , «VALUE OF ENTER IS IN ERROR') HIWA 510
CHECK = I HIWA 520

51 IF(NCARS.LT• 3 5 0 . AND.NCARS.GT.I) GO TO 53 HIWA 530
WRITE<6 ,  5 2 1 NCARS HIWA 540

52 FORMAT*/// ,  IX, 'NCARS =• ,1 5,  8X, • VALUE OF NCARS IS  IN ERROR * I HIWA 55 0
CHECK = 1 HIWA 560

53 IFINMILE.GT.O.AND.NMILF.LT.l l)GO TO 55 HIWA 570
WRITE(6»54)NMILE HIWA 580

54 FORMAT!/ / / , IX, 'NMILE =* ,1 5 ,8X , • VALUE OF NMILE IS  IN ERROR*) HIWA 590
CHECK = 1 HIWA 600

55 IF! CHECK. NE.OIRE TURK HIWA 6 1 0
C IBOMB = NUMBER OF 5 SEC INTERVALS AFTER WHICH PROGRAM WILL HIWA 620
C BE ABORTEO HIWA 6 3 0

IBOMB = BOMB*.2 -  . 0 1 HIWA 640
c HIWA 650
c HIWA 660
c INITIALIZE VARIABLES HIWA 670
c HIWA 6 8 0

IFOL *  0 HIWA 6 9 0
J SEC-0 HIWA 700
NCARSM = NCARS HIWA 710
IF !  NCARS .G T .  100 ) NCARSM = 100 HIWA 720
VSTARX=VST ART HIWA 730
00 701 1 * 1 , 1 0 HIWA 740



SPACE(I5 = 0 . 0 HIWA 750
701 TSPACEU) = 0 . 0 HIWA 760

C HIWA 770
c IFLAG3 = COUNTER FOR PRINTING XCAR, VCAR, ANOW, IMOOE HIWA 780
c HIWA 790

IFLAG3 =-1 HIWA 800
TOTALT -  0 . HIWA 810
NFEET = 5280 * NMILE HIWA 820
FNFEET = FLOAT(NFEET) HIWA 830
XFEET = FLOAT(NFEET) * 1 .2 HIWA 840
KSJGN=5. *TAUS + 1 .5 HIWA 850

c HIWA 860
c HERE TRAVEH I) IS TIME WHEN I-TH CAR ENTERS HIGHWAY HIWA 870
c LATER TRAVEL(14 STORES TRAVEL TIME FOR I-TH CAR HIWA 880
c HIWA 890

TRAVELiI} = 0 . HIWA 900
ITEN=10*NMILE HIWA 9 1 0
ITENP * ITEN t  1 HIWA 920
ITENM=ITEN-1 HIWA 9 3 0
ITEND2=I TEN/2 HIWA 940
CYCLEA = 1 HIWA 9 50
CARA = 1 HIWA 960
CYCLEI = 1 HIWA 970
CARONE = 1 HIWA 980
CYCLEZ = I HIWA 990
CARZ = 1 HIWA 1000
DC 704 I =1 vI TEN HIWA 1010
NFT( I 1-528*1 HIWA 1020
LSIGN(I)=OFF HIWA 1030
N SON ( I > =0 HIWA 1040
NSFULL( I ) = 0 HIWA 1C5C
DC 704 J ~ I * 7 HIWA 1060
VSIGN< I » J i= 9 „ E 1 0 HIWA 1070
ND( I t J>) =0 HIWA 1080

704 VD( I t J)  =9.E 10 HIWA 1090
DO 700 I -  I » NCARS HIWA 1100
CECT( I )  = 0 HIWA m e
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ANOWII) = 0 .  
IBRNCH( I ) = 1 
JS T O P U I  = 0 ,  
ATOTALII) = 0 .

700 CONTINUE
IBRNCHI I I  -  6 
HTEST = 3 . *HBAR—1 . 3

C
C TIME STARTS WHEN FIRST CAR ENTERS THE HIGHWAY HIWA
C HIWA

TNOW = 0 .  HIWA
C HIWA
C INITIALIZE POSITION L VELOCITY FOR CAR 1 HIWA
C HIWA

00 703 J = l t 11 HIWA
XCAR<12« J i  = VSTART * . 2 * FLOAT I J — 111 HIWA

703 VCAR(12~JJ * VSTART HIWA
HIWA

IMAX SPECIFIES NUMBER OF VEHICLES FOR PRINTOUT EVERY NOPRNT CYCLES HIWA
HIWA

IMAX = 20
IF INCARS . L T .  201 IMAX = NCARS 

START OF MAJOR DO“ LOOPS

00 3000 I30SEC «  1 ,  120
DO 3000 130SEC = 1 ,  2
DO 2 COO 15SEC = 2 ,  7

TNCW=FLOAT(IFIX(TNOW+.002i J + . 0 0 0 0 2
1 FI TNOW .L T .  TXPR2 .OR. NOPRNT .EC.  
IFLAG3= - I  
NOPRNT = N0PR2

17C7 CONTINUE 
IVP -= 0 
JVSET * 0
I F { I VPRNT .E C .  01 GC TO 707

HIWA 1120 
HIWA 1130 
HIWA 1140 
HIWA 1150 
HIWA 1160 
HIWA 1170 
HIWA 1180 
HIWA 1190 

1200  
1210  
1220  
1230 
1240 
1250 
126 0 
127C 
1280 
1290 
1300 
1310 

HIWA 1320 
HIWA 1330 
HIWA 1340 
HIWA 1350 
HIWA 1360 
HIWA 1370 
HIWA 1380 
HIWA 139C 
HIWA 1400 
HIWA 1410

NCPR2 I GC TO 1707 HIWA 1420
HIWA 1430 
HIWA 1440 
HIWA 1450 
HIWA 1460 
HIWA 1470 
HIWA 1480
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I F 1TNOW .L T ,  TV1 .OR. TNOW .G T.  TV2I GO TO 7C7 HIWA 1490
I VP = 1 HIMA 1500
00 706 J * 1 , 5 HIWA 1510
00  706 1 = 1 ,  NCARSM HIWA 1520

7C6 I VSEC( I « J  ) = 15999 HIWA 1530
707 ISIGN-I5SEC-L HIWA 1540

IF11 SIGN.EQ*1) ISIGN=7 HIWA 1550
C HIWA 1560
c INITIALIZE NO AND VD FOR CURRENT VALUE OF I5SEC HIWA 1570
c HIWA 1580

DO 410 H = 1,ITEN HIWA 1590
ND<I»I5SEC)=ND£I,ISIGNJ HIWA 1600

410 VD ( I » I5SEC)= VD ( I » IS IGN) HIWA 1 6 1 C
C HIWA 1620

IF!CARONE.NE.CARZ .AND. TNOW.GE.TXPRNT .AND. NOPRNT .L T .  6 .AND. HIWA 1630
2 CARA , L E .  IMAX ) WRITE!6,7C5) HIWA 1640

705 FORMAT!lHli HIWA 1650
C HIWA 1660

DO 1000 I FIFTH = 1* 25 HIWA 1670
C HIWA 1680
C HIWA 1690

IFfCARA .GE.  IMAX) GO TO 995 HIWA 1700
IFLAG3 = IFLAG3 «- 1 HI WA 1710
IF!IFLAG3.LT.NOPRNT) GO TO 995 HIWA 1720
IFLAG3 = 0 HIWA 1730
I F !  TNOW .L T .  TXPRNT .OR. CARONE .EC.  CARZ ) GO TO 995 HIWA 1740

C HIWA 1750
C PRINT SPACING, VELOCITY, ACCEL., £ 16RANCF EVERY NOPRNT HIWA 1760
C CYCLES HIWA 1770
C HIWA 1780
c HIWA 1790
c SET VELOCITY AND SPACING FOR THOSE CARS NOT ON HI WAY AT TNOW HIWA 1800
c HIWA 1810

DO 991 J=1,CARA HIWA 1820
VV(JJ = 10 .E10 HIWA 1830
I X ( J I = 9 9 9 9 9 9 9 HIWA 1840

9 91 ID X fJ t  = 0 HIWA 1850



IF!CARZ .GT.  I MAX) GC TO 993 HIWA 1860
00 992 J = CARZ, IMAX HIWA 1870
VV(J) = 10 .E10 HIWA 1880
I X( J » = 1 0 . E10 HIWA 1890

9 9 2 IDXIJ)  •= 0 HIWA 1900
993 CONTINUE HIWA 1910

C HIWA 19 20
CALL STEPH 1TN0W, MIN, ISEL, SEC) HIWA 19 JO

C HIWA 1940
XCAR1 = XCAR (CYCLEA ) HIWA 195C
J=CAPA HIWA 1960
VVI CARA ) =VC ARC CYCLE Ai HIWA 1970
IXCCARA) = XCARCCYCL EA1 4-0.5 HIWA 1980
I CXI CAR A l=X<C ARC CYC LEA J + 0 . 5 HIWA 1990
I —CYCLEA HIWA 2000

990 I * I ♦ 11 HIWA 2010
J = J  + 1 HIWA 2020
IF I I .GT. 3850)  1 = 1 -  3850 HIWA 2030
IDXIJJ = XCAR1 -  XCARCl) ♦ . 5 HIWA 2040
I X ( J l  = XCARII ' + . 5 HIWA 2050
VVIJ) -  VCARC I) HIWA 2060
XCAR1 = XCARII! HIWA 2070
IF f  J .L T .  CARZ .AND. J  . L T . IMAX) GO TO 99C HIWA 2080
WRITE( 6 , 6 9 2 )  ( IBRNCH!I),  1 = 1 , IMAX 1 HIWA 2090
WR IT EC 6 , 6 9 1 ) CANCWII1 ,1  = 1 , IMAX) HIWA 2100
WRITEC6,6 9 0 )  MIN, ISEC, SEC, I ICXCI) , 1  = 1,  IMAX) HIWA 2110
IFCPRINTX .E Q .  1) WRITE! 6 ,  6921 £ I X I I ) ,  1=1, IMAXI HIWA 2120
W RITE C 6 ,69 l )« VVC I I ,  1 = 1 , IMAX) HIWA 2130

690 FORMAT £ / / 3 H  T=,1 2 ,  1 E - , 11 ,F  3 .  1, I 8 ,  1916) HIWA 2140
691 FORMAT! 12 X ,20F6 .  1) HIWA 2150

692 FORMAT C 12X ,20I6) HIWA 2160
C HIWA 2170
C COMPUTE ACCELERATION FOR T = TNOW HIWA 2180
C COMPUTE VELOCITY AND POSITION FOR T = TNOW ♦ . 2 HIWA 2190
C HIWA 2200

995 I F {I VP .EQ. 0) GO TO 100 HIWA 2210
JVSET=0 HIWA 2220
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201

203

204

206

XOUT = XCAR1CYCLEA1 
CYCLEA *  CYCLEA * 1 1  
IF (CYC LEA .G T.  3 8 5 0 )  
I0X0UT4 CARA) = HFIX( 
CONT INUE
IF!  XCAR(CYCLE1 ) «LT « 
CARCNE = CARONE ♦ 1 
CYCLE1 = CY CL El ♦ H  
IF4CYCLE1 .G T .  3850)

CYCLEA * CYCLEA -  3850 
XOUT -  XCAR( CYCLEA) » 0 . 5  >)

XFEET ) GO TO 202

CYCLEl * CYCLEl -  3850

202 IF* CARZ .EQ. NCARS ) GO TO 2C5
IF (XCAR (CYCLEZ) .LT .HORVC CARZ + L )*VCAR!CYCLEZ) -*-20. ) GO TO 1000

A CAR HAS ENTERED THE HIGHWAY WITHIN THE LAST . 2  SECONOS

DFtOL=HDRV ( CARZ+1 )*VCAR(CYCL EZ )+ 2 0 .
CARZ * CARZ ♦ 1 
TRAVEL!CARZ)-TNOW 
CYCLEZ *  CYCLEZ+ 11
IF 4 CARZ -  CARONE . £ E .  350 ■) GO TO 901

UPDATE ND ANO SET CECT FOR ENTERING CAR 
CECTICARZ J =1
N D ( I «I5SEC)=ND( 1 « I5 S E C ) *1

IF ( CYCLEZ .G T .  3850 ) GO TO 204 
DO 203 J = l f 11 
I *  CYCLEZ + J -  1 
XCAR! I )  = XCARII-11J  -DFOL 
VCAR(I) = V C A R (I - I I )
VSTARX = VCAR(CYCLEZ)
GO TO 205
CYCLEZ * CYCLEZ -  3 850
DO 206 J  -  1* 11
I = CYCLEZ ♦ J -  1
XCAR! I )  = XCAR ( 1 4-3 839)  -  DFOL
VCAR ! I ) * VCARC I ♦ 3 8 3 9 1
VSTARX = VCAR(CYCLEZ)

HIWA 2970
HI WA 2980
HIWA 2990
HIWA 3000
HIWA 3010
HIWA 3020
HIWA 3030
HIWA 3040
HIWA 3050
HIWA 3060
HIWA 3070
HIWA 3080
HIWA 3090
HIWA 3100
HIWA 3110
HIWA 3120
HIWA 3130
HIWA 3140
HIWA 3150
HIWA 3160
HIWA 3170
HIWA 3180
HIWA 3190
HIWA 3200
HIWA 3210
HIWA 3220
HIWA 3230
HIWA 3240
HIWA 3250
HIWA 3260
HIWA 3270
HIWA 3280
HIWA 3290
HIWA 3300
HIWA 3310
HIWA 3320
HIWA 3330
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c HIWA 3340
205 CONTINUE HIMA 3 3 5 0

C HIWA 3360
1C00 CONTINUE HIWA 3370

C HIWA 3380
C DO THIS EVERY 5 SECONDS HIWA 3390
C HIWA 3400
c HIWA 3410
c FOR PURPOSES OF EASE IN READING PRINTOUT HIWA 3 4 2 0
c SET VOI I • 15SEC ) = 9 . E 1 0  IF NC CARS ARE ON PREVIOUS SECTIONS HIWA 3430
c HIWA 3440

IF 1 ND(1* I5SEC) .N E .  0 4 GO TO 321 HIWA 3450
00 320 I*2»ITEN HIWA 3460
IF« ND( I «15SEC) .N E .  C ) GO TO 321 HIWA 3470

320 V D ( I - 1 . I 5 S E C ) = 9 . E 10 HIWA 3480
VD(I TEN »15SEC) = 9 .E 1 0 HIWA 3490

321 CONTINUE HIWA 3500
c HIWA 3510
c CHANGE SIGNS HIWA 3520
c HIWA 3530

IF< CONTRL .EQ .  1 i CALL SETSGN HIWA 3540
c HIWA 3550
c HIWA 3560
c PRINTING OF VELOCITY OF ALL CARS - -  IF IVPRNT = 1 HI WA 3570
c HIWA 3580

I FI IVP . E C . 01 GO TO 1999 HIWA 3590
NT5* IFIXf TNOW*-.0 0 1 ) HIWA 3600
NT4=NT5-1 HIWA 3610
NT3=NT4-1 HIWA 3620
NT2*NT3-i HIWA 3630
NT1=NT2-1 HIWA 3640
W RITE(6«250iNTi , NT2« NT3,NT4, NT5 ,NT1 ,NT2 , NT3 » NT 4,  NT 5 HIWA 3650

250 FORMAT!1H1»60X,"VELOCITY* / /  37X, ‘ NEGATIVE VALUE MEANS CAR I S  RESP HIWA 3660
20ND4NG TO A SIGN« / /  9X , 5.( • T=* * I 3» 5X) * 15X, 5 ( ' T = % I 3 , 5 X » / / ) HIWA 3670

LZ=5C HIWA 3680
I F {CARZ.LT• 5 0 ) LZ-CARZ HIWA 3690
DO 253 1 * 1 , LZ HIWA 3700
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O 

n
251

252
253

1999

2000

680

WRITE! 6*2511 I * ( IVSECII « J ) » J = 1 , 5 )  
FORMAT!1 X , I 3 « 6 X « 5 ! I 4 , 6 X ) )
I PL= 1 + 50
IF CIPL.G T .  CARZ) GO TO 25 3  
WR(TE(6,2524 IP L , ! I V S E C I I  PL , J  I » J = 1 » 5) 
F O RM AT!1H+,67X«I3 ,4X,5(1 4 , 6 X ) ) 
CONTINUE 
JSECs O

I BOMB = (BOMB -  1
I F ( I  BOMB . L T .  0 )  RETURN
CONTINUE

00 THIS EVERT 3 0  SECONDS

WRITE NO C VO C VSIGN

CALL STEPH(TNQM ,MI N ,I  SEC, SEC)
MRITE1A,680) MIN, (SEC,  SEC
FORMAT! l H l ,  10X » •* * *  TIME = * . 1 3 , *  MIN. • ,1 2  , F 3 .  1 , '  

L 6( • NO VO VSIGN • ) , '  FEET*/)
IBB -  XCAR( CYCLEZ 1 / 5 2 8 . 0  + 1 . 0  
IBB=IBB-7 
( F I I 8 B . L T . 1 )  IBB-1 
IAA = XCARICYCLEA) / 5 2 8 . 0  + 1 . 0  
00 681 I = IBB, (AA 
X = F L O A T ! I ) / 1 0 .
11X = I * 528
Z D ( 2 )= V D ( I ,2 ) * .6 8 1 8 1 8 2 « - .0 0 0 1  
ZD( 31 = VD! I , 3 1 * . 6 8 1 8 1 8 2 + . C 0 C 1  
ZD(4) = V D I I , 4 ) *  .-6818182*cOOOl 
ZDI5 ) = V D II , 5 I * . 6 e i 8 1 8 2 + . 0001 
ZD«6l=VD{1 ,6  )* .68181B2+.CCC1 
Z C(7 ) =VD< Iv7 ) * . 6 8 1 8 182+.CC01 
ZSIGN! 2) -~VSIGN(I»2j*«683

SEC • * / / 5H M(LE,

HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIMA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA

3710
3720
3 7 3 0
3 7 4 0
37 50
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3 9 4 0
3950
3960
3970
3980
3990
4800
4010
4020
40 30
4040
4050
4060
4070



o 
o 
n 

o

684

681

219

ZSIGM 3) =VSflGNlI , 3 )  * . 6 8 3  
ZSIGNI4 )-VS IGNI 1 , 4 1 * . 6 8 3  
ZSIGN( 5 ) =VSIGN<1 * 5 1 * .6 8 3  
Z S IG N I6 I= V S IG N U ,6 1 * .6 8  3 
ZSIGN! 7) = VSIGN ( I , 7 )  * . 6 8 3
WRITE! 6 , 6 8 4 )  X, INDU ,  J )  • ZOi J ) ,ZS I6NI J l ,  J * 2 , 7 >, IIX 
FORM ATfIX ,F4« l«6(I4«2X «1 4 , 3 X , 13,4X1*151 
VS4GN( I ,1 )= V S IG N II  ,74 
CONTINUE
DO 219 I 1 ,  ITEN 
N D I I . U  *  NO (1« 7)
VD(1 , 1 )  *  VD(1 , 7 )

36 0 0  CONTINUE
WRIiFE<6«603) 
FORMATI//18H 
RETURN

603 ** ONE HOUR IS  UP)

ALL CARS HAVE LEFT THE hIGHWAY

1300 CALL FINISH

RETURN 
901 WR ITE!6 , 6 0 4 )  
604  F0RMATI//20H 

RETURN 
END

**  350 CARS ON ROAC)

HI HA
HIHA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA
HIWA

4080
4090
4100
4110
4120
4130
4140
4 1 5 0
4160
4 1 7 0
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4 3 4 0
4350



601

C
c
c

SUBROUTINE T ITLE 
IMPLICIT INTEGER4C*I—NJ
INTEGER*2 IBRNCH*IOMODE*JSEC «JVSET*IVSEC<100*5)  * CECTtCOMPLY 
INTEGER ON* OFF * ENTER
COMMON / AAAAAA/ NCARS* NMIL E» VST ART *T XPRNT * IBRNCHI350I ,

1 CARNOH, NOPRNT «CONTRL *ON*OFF*BETA«TAUS«KSIGN*LSIGNI100)*
2 HBAR*HDRVI350**COMPLVI350).VSIGNIIOO*7I 

COMMON /BBBBBB/TF3! 5 )«AF3( 4) * BASE* NREP.NREP I * VI 3 
COMMON /CCCCCC/CBUGltCROUND»SGNC
COMMON /GGGGGG/ IS  IGN « JSEC » JVSET» IVSEC* I VP* I TENP *CECT< 350)
COMMON /TTTTTT/  I0M 0DEI350J , TAUA.TAUD»VLIMIT*KA,KO
COMMON / l l l l l l / ENTER«QHOUR*HMIN»HMOCE*IR* HBAR2, PCMPL Y*PCMP
COMMON / KKKKKK/ESI 6 2 » ETSTOP* ET0TL7* EPER.EPCMP« IEVAV1*IEOX,NENS*

2 JENS *EQ*ESPACEI10) • RR1
Y -  5 2 8 0 * / 3 6 0 0 .
KA = 5.*TAUA ♦ 1 . 5
KD = 5.PTAU0 ♦ 1 . 5
WRITEI6.601I  NMILE* NCARS 
FORMAT( 1H1*20X* '* * *  HIGHWAY 

1A FOR THIS R UN' /  LOX * * NMILE =
SIMULATION PROGRAM ♦ * * • //AX®'INPUT OAT 

= LENGTH OF HIGHWAY IN MILES*/* . I A . *

6 1 2

2 10X,*NCARS =* *1A*• = JOTAL NUMBER OF CARS TO ENTER THE HIGHWAY*)
V START = VI3*V 
VLIMIT-VSTART+i*.667 
BASE = 0 . 0  
NREPI»0

PRINT HEAOING FOR F3

WRITEI6*612)  TF3,AF3»NREP«VI3
FORMAT(lH0«5Xf®THIS RUN USES SUBROUTINE F 3 * / / / /

2 6X, “ TF3(I I *5F12 . 2 / / /
3 6X *“AF3< I I  =* * * F 1 2 . 2 / / /
A 6 X« “NREP = “ * 1 5 / / /
5 6 X , “INITIAL VELOCITY = VI3 = « , F 8 . 1 , »  M I/H R ® // / )

TF 31 1) = TF3 ( I I  -- 0 .02*RR1 
T F 3 I2 )  = T F 3 I2 )  -  0.C2*RR1 
T F 3 I3 )  * TF3I35 -  0 .02*RR1

TI TL 10
TITL 20
TITL 30
TITL AO
TITL 50
TITL 60
TITL 70
TITL 80
TITL * 0
TITL 100
TITL 110
TITL 120
TITL 130
TITL 1*0
TITL 150
TITL 160
TITL 170
TITL 180
TITL 190
TITL 200
TITL 210
TITL 220
TITL 230
TITL 2* 0
TITL 250
TITL 260
TITL 270
TITL 280
TITL 290
TITL 300
TITL 310
TITL 320
TITL 330
TITL 3*0
TITL 350
TITL 360
TITL 370

142



o 
r> 

o

201

103
104

620

TF3I4* = TF3 (4) -  0.02^RR1 
TF3I 51 TF3( 51 -  0.02*RR1 
RRi = 0 . 0

QSEC = QHOUR/3600.
HBAR * 1 * /QSEC -  20.#VSTART 
HORV(l) = C.
IDMODEI1) = 0 
DO 201 I ■* 2« NCARS 
IDMODEII) * 0 
HDRV(I) -  HBAR 
CONTINUE
JFIENTER.EQ.Oi GO TO 999 
(F(ENTER .G T.  1) GO TO 999

HEADWAY FACTORS COMPUTED

TBARs l*/QSEC
HEIGHT=2./(3.*HBAR-2.*HMIN-HM0DE)
HHAX-3. *H BAR-Hr* IN-HMGDE 
HRVSUM*0.

SET I S - I R  -----  SAME STARTING VALUE FOR ALL RUNS
I S=IR
DO 104 I = 2 * NCARS 
CALL RANDUdS* IV ,Z)
IS  = IY
I F(Z «GT.IHMQDE-HMINI/(HMAX-HM I N ) 1 GO TO 103 
HDRVI I ) =SQRT UHMAX-HMINJ* <HMODE-HMINJ*Z)«-HM IN 
GO TO 104
HDRV(I)= ” SQRT4(HMAX-hMCDEJ*(HMX=FMIN)*(1.~Z))♦HMAX 
HRVSUM=H RVSUM+HDRV( l i  
HBAR2=HRVSUM/FLOAT( NCARS-1»
WRITEE 6«6201 QHCURtTBAR,HBAR,HBAR2 ,HMIN,HMGDE» HMAX# HEIGHT 
FORMAT!»OTHIS RUN IS MADE WITH RANDOMLY GENERATED HEADWAYS1/ / /

2
3
4

5 X v 
5 Xf 
5X *

'•'QHOUR = AVERAGE FLGW = * , F 5 . 0
< TBAR = 1 /QSEC = AVG. TIME HEADWAY = * ,F 5 . 2 * »  SECONDS*/
"HBAR = AVERAGE HEADWAY FACTOR DESIRED = ‘ , F 6 . 3 /

VEHICLES/HOUR »/ 
«

TITL 380
TITL 390
TITL 40 0
TITL 410
TITL 420
TITL 430
TITL 440
TITL 450
TITL 460
TITL 4 7 0
TITL 480
TITL 490
TITL 500
TITL 510
TITL 520
TITL 530
TITL 540
TITL 550
TITL 560
TITL 570
TITL 580
TITL 590
TITL 600
TITL 610
TITL 620
TITL 630
TITL 640
TITL 650
TITL 6 6 0
TITL 67C
TITL 680
TITL 690
TITL 70C
TITL 710
TITL 720
TITL 730
TITL 740
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5 5X• *HBAR2 = AVERAGE HEADWAY FACTOR GENERATED = ' * F 6 . 3 i t  f t TITL 750
6  « FOR THE DENSTIY FUNCTION USED*// TITL 760
7 5X* 'HMIN = MINI NUN HEADWAY FACTOR = « , F 5 . 2 * * (GIVEN* «/ TITL 770
8 5X« *HMODE -  MODAL HEADWAY FACTOR = *t F 5 . 2 ,  » (GIVEN!®/ TITL 780
9 5 X**HMAX = MAXIMUM HEADWAY FACTOR = » » F 5 .2 ,* (CALCULATED* • / TITL 790
A 5X* #HE IGH T = MAX OF DENSITY FUNCTION = ' » F 6 . 3 t • (CALCULATED! • / / / ) TITL 800

WRI TEI6 *630) TITL 810
630 FO R M A T !/ / / /24X **F(H 1*/ TITL 620

2 2 5 X , ' * * / TITL 830
3 19X,»HEIGHT*---------------------- ** / TITL 840
4 2 5 X * « + « ,1 0 X ,» *  • •  * • / TITL 850
5 2 5 X .« * « ,8 X ,  «* *• * • / TITL 860
6 25X**+* «6X«"* * * * »8X » • * • / TITL 870

♦ H*/ TITL 880
8 28X« * HMIN**4X♦* HMODE'18 X, • HMAX• / / 1H11 TITL 890

999 IF(  CONTRL .EQ .  0 ) GO TO 9999 TITL 900
C TITL 910
C COMPUTE SIGN COMPLIANCE FACTCP FOR EACH DRIVER TITL 92 C
C TITL 930

CMP—0 TITL 9 4 0
IS=2*IR—37 TITL 950
DO 105 I=2»NCARS TITL 9 6 0
CALL RANDU!IS,IY,Z) TITL 97 0
I S=I Y TITL 980
C CMPLY( I > = 0 TITL 990
IF ( Z ,L T .  PCMPLY i  COMPLY ( J J= 1 TITL 1C00

105 CMP^CMP+CCMPLYIII TITL 1010
PCMP^FLQAT <CMP ) /  FLOAT (NCARS-1) TITL 1020

9999  RETURN TITL 1030
END TITL 1C4C
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c 10M0DE = 1 MAX DEC EL .  NOT LIMITED SINCE SPACING IS G1 380
c UNSAFE G1 390
c G1 400
c AAA = NEW VALUE OF ACCEL. FCR I-CARN0W-1I-TH CAR G1 410
c G1 420
c COMPUTE ACTUAL £  OESIREO SPACINGS G1 430
c Gl 4 4 0

H «  HDRV( CARNOW) Gl 4 5 0
DELTAV = VCAR( CARFOL* 1 J -  VCARICARNO+14 Gl 46 0
SA -  XCIMUCARNO+l) -  XCARICARFOL+11 -  2 0 . Gl 470
SO > H*VCAR4CARNO+iJ Gl 480
DA * SA ♦ 2 0 . Gl 490
00 * SO ♦ 2 0 . Gl 500
SAOVSD = 1 .0 Gl 510
IF  (SO .GT.  5 . 0 1  SAOVSO = SA/SD Gl 520
AAA » ANOM(CARNOW—I ) G l 530

c Gl 540
c SEE WHICH MODE THIS CAR WAS IN (LAST TIME) Gl 550
c Gl 560

1F4 IBRNCH(CARNOW) .G T.  50 ) IBRNCH(CARNOW) = IBRNCH(CARNOW) - 50 Gl 570
IBR = IBRNCH(CARNOW) Gl 580
ASSIGN 300 TO I BACK Gl 590
IF (IBR *GE. 10) GO TO 7000 Gl 6 0 0

c Gl 610
c LAST TIME CAR WAS IN DISTANCE OETECTICN MODE IMODE ZERO) Gl 620
c CHECK TO SEE IF CAR REMAINS IN 01 STANCE DETECTION MODE Gl 63 0
c Gl 640

IF ( ABS ( AAA») . L E .  I . )  G£ TC ( 1» 2 , 2. 5) » I BR Gl 650
IF !  IBR .NE.  1 i GO TO 250 Gl 660
IBRNCH(CARNOW) = 10 Gl 670
GO TC 7001 Gl 680

2 50 IF ( AAA • LT • - I . )  GG TO 2 52 Gl 690
C Gl 700
c CAR AHEAD HAS ACCELERATION .GT.  + 1 .0 Gl 710
c Gl 72 0

IF i lB R  .EQ. 2) GO TO 2 Gl 730
IF (IBR .EC. 5) GC TC 5 Gl 740



ASSIGN 254 TO I BACK GL 750
GO TO 7001 Gl 760

254 IFIACF .GT.  2 . 0 )  GO TO 258 Gl 770
IF I IB R  .EQ. 4) GO TO 4 Gl 780
GO TO 3 Gl 790

C GL 800
C CAR AHEAD HAS ACCELERATION .L T .  - 1 . 0 Gl 810
C Gl 820

252 IF (IBR .EQ. 3) GO TO 3 Gl 830
IF ( IB R  .EQ.  41 GO TO 4 Gl 840
ASSIGN 256 TO IBACK Gl 850
GO TO 7001 Gl 860

256 IFIACF . L f .  ANOW( CARNOW ) ) GO TC 258 Gl 870
IF (J BR .EQ.  2) GO TO 2 Gl 880
GO TO 5 Gl 890

258 IBRNCHI CARNOW) = 10 Gl 900
GO TO 300 GL 910

C Gl 9 2 0
C G l 9 3 0
C ♦ • 4 - * ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ * ♦ « ■ * + ♦  ♦ Gl 940
C «- ENTER 01 STANCE OETECTION MODE ♦ Gl 950
C «•++ + ♦+* + + + 4+♦♦♦♦♦♦♦♦■# Gl 960

1 CONTINUE Gl 9 7 0
Q = OA/OO Gl 98 0
IF (Q .L T .  0 . 8 5  «- l . / (  VCARICARN0+D + 1 0 . I )  GO TO 2 Gl 990
I FIC .G T .  1 . 2 )  GO TO 4 Gl 1000

C Gl 1010
c ACTUAL SPACING MlTHIN 0 . 1  OF DESIREO SPACING Gl 1020
c Gl 1030

ANOW(CARNOW)= 0 • Gl 1040
IBRNCH(CARNOW) = 1 Gl 1050
GO TO 990 Gl 106C

c Gl 1070
c FOLLOWING TOO CLOSE Gl 1080
c Gl 1090

2 CONTINUE Gl 1100
I FfOELTAV .G T .  0 . )  GO TO 22 Gl 1110



c Gl 1120c TOO CLOSE BUT SEPARATION IS  INCREASING Gl 1130
c Gl 1140

IFIDO-DA .G T .  .25*D£LTAV*D£LJAV) GC TO 22 Gl 115Cc Gl 1160
c TOO CLOSE —  V2 . L T .  VI —  ACCELERATE UNTIL V2 * VI Gl 1170c Gl 1180

21 ANQWICARNOWI = 2 . Gl 1190
IBRNCHICARNOW) *  3 Gl 1200

. GO TO 990 G l 1210c G l 1220
c TOO CLOSE —  DECELERATE BY ENGINE BRAKING -  FOOT OFF GAS Gl 1230
c USE 80 PER-CENT OF FULL ENGINE BRAKING Gl 1240
c Gl 1250

22 ANOWICARNOM) = ( - 0 . 0 3 1 1 4 2  8**VCARICARF0L«-1I -  0 . 3 8 9 5 5  ) * 0 .8 0 Gl 1260
IF I  VCAR(CARFOL + 1) . L T .  2 7 . 6 2 9 )  ANOWICARNOU) = - 1 . 0 Gl 1270
IBRNCHICARNOU) = 2 G l 1280
GC TO 990 G l 1290

3 CONTINUE Gl 1300
IFIDELTAV .L T .  - . 2 )  GO TO 21 Gl 1310
ANOUICARNOW) = 0 . Gl 1320
IBRNCHICARNOU) = 1 Gl 1330
GO TO 990 G l 1340

C G l 1350
C FOLLOWING TOO FAR Gl 1360
c Gl 1370

4 CONTINUE Gl 1380
IFIDELTAV . L E .  0 . )  GO TO 42 Gl 1390

C Gl 1400c COMPUTE CHANGE IN SPACING THAT MOULD RESULT Gl 1410
c I F  DRIVER STOPPEO ACCELERATING AT TNOM Gl 1420c Gl 1430

SAMSD = SA -  SO Gl 1440
I F I  VCAR( CARFOL+1) .L E .  2 7 . 6 2 9 )  GO TO 46 Gl 1450
I F I  VCAR I CAR NO-fit) • LT .  2 7 . 6 2 9 )  GC TO 45 Gl 1460
BPAV1 = ( 0 .  0 3 1 1 4 2 8 6 4 VC AR (CARNO♦ 1) «- C .3 8 9 5 5  )* C. 80 Gl 1470
ARG =£0. 031142 86 * VCARICARFOL+l) + 0 . 3 8 9 5 5 )  /  BPAVl*0.80 Gl 1480



D S2=<DELTAV-BPAVI*ALCG( ARG)/. 0 3 1 1 4 2 8 6 / .  8) / •  0 3 1 1 4 2 8 4 /  . 8 Gl 1490
GO TO 47 Gl 1500
BPAV1 = ( . 0 3 1 1 4 2 8 6 * 2 7 . 6 2 9  * 0 . 3 8 9 5 5 ) * 0 . 8 0 Gl 1510
ARG = ( 0 . 0 3 1 1 4 2 8 6  * VCAR<CARFGL*1) * 0 . 3 8 9 5 5 )  /  BPAV1*0. 80 Gl 1520
OS2 = ( VCAR(CARFCL*ll -  2 7 . 6 2 9  -BPAV1 * ALCG(ARG) /  0 . 8 0 / Gl 1530

1 0 . 0 3 1 1 4 2 8 6 ) / . 0 3 1 1 4 2 8 6 / .  8 * ( 2 7 . 6 2 9  -  VCAR CCARNO*! I I  * ( 2 7 . 6 2 9 - Gl 1540
2 VCAR( CARNO+ll) * 0 . 5 Gl 1550

GO TO 47 Gl 1560
DS2=-DELTAV*.2 -  . 2 * . 2 * . 5 Gl

Gl
1570
1580

SHOULO DRIVER REMOVE FOOT FROM GAS NOW? Gl
Gl

1590
1600

IF(  SAMSD .G T .  DS2 ) GO TO 42 Gl
Gl

1610
1620

USE 80 PER-CENT OF FOU. ENGINE BRAKING G l
G l

1630
1640

ANOMCCARNOW) = < - 0 . 0 3 1 1 4 2 8 6*VCAR< CAR F0L+i» -  0 . 3 8 9 5 5 ) * 0
oCO. G l 1650

I F ( VCAR4CARF0L+1) . L T .  2 7 . 6 2 9 )  ANOW(CARNOW) = - 1 . 0 Gl 1660
IBRN£H(CARNOW) = 5 Gl 1670
GO TO 990 Gl 1680
ANQM (CARNOW! = 2 . G l 1690
I F ( DELTAV . G T . 1 2 . 0  ) AN0W1CARN0W)=0. Gl 1700
IBRNCH(CARNOW) = 4 Gl 1710
GC TC 990 Gl 1720

FOOT OFF GAS —  V2 .GT.  VI —  STAY IN MODE 5 UNTIL V2=V1 Gl 1730
(APPROX. ) Gl 1740

CONTINUE Gl 1750
IF(DELTAV .G T.  - . 1*AN0W(CARNOW) ) GO TO 41 Gl 1760
ANOH(CARNOW) = 0 . Gl 1770
IBRNCH(CARNOW) = 1 Gl 1780
GO TO 99 0 Gl 1790

---------------------------------------------- ------ --------------------------------- Gl 1800
-  END OF DD MODE Gl 1810

Gl
G l

1820
1830

LAST TIME CAR WAS IN CAR-FOLLOWING MODE G l
Gl

1840
1850



TOOO IF (ABSIAAA) .G T .  I . )  IBRNCHICARNOU) = 9 Gl 1860
IB RNCH ( CARNOW? = I BRNCHICARNOW) + 1 Gl 1870
IFI IBRNCH!CARNOW) .L T .  17)  GO TO 7001 Gl 1880

C Gl 1890
C CHECK IF ANOW IS O.K. FOR CARNOW-TH CAR TO ENTER DO MODE Gl 1900
C Gl 1910

IFIANOW(CARNOW).LT. ( - . 0 3 1 1 4 2 8 6  *VCAR(CARFOL + l 3 8 9 5 5 ) * . 8 . OR. Gl 192C
1 ANOW(CARNOW).GT.2 . )  GO TO 7002 G l 1930

IF(ABS4 DELTAV) / ! S A + l . f / ( SA+i. )  .G T .  2 . E - 4 )  GC TO 7002 Gl 1940
IBRNCH!CARNOW> = 1 Gl 1950
GO TO 1 Gl 1960

C + * + ♦<• + ♦+*<■ + *♦ + +##<■!♦■#•*•■♦ ♦++*■+++♦♦«••■♦«■*•♦■ ■«•♦*■ Gl 1970
C ♦ ENTER CAR FOLLOWING MODE (MCDE ONE) ♦ Gl 1980
C + «- + 4-* + + * + * + 4 + + + * + + ♦ Gl 1990
7002 IBRNCH!CARNOW) = 1 BRNCHlCARNOW! -  1 Gl 2000

7001 DELVD = VCAR(CARNO*KDI -  VCAR (CARFCL+KCJ Gl 2010
OBLVA = VCARICARNQ+KA) -  VCAR(CARFQL*KA* Gl 2020
I F ( CELVD.LT. 0 • )  GO TO 102 Gl 2030
IF !DELVA.LT.O .) GO TO 101 Gl 2040

C Gl 2050
C CAR EXPECTING TO ACCELERATE Gl 2060
C Gl 2070

AMAX -  1 2 . 4  -  0.0913*V£AR!£ARFOL*1) Gl 2080
ACF = AMAX Gl 2090
IFIDELVA.LT.2.*AMAX*H ) ACF = DELVA/H*( 1 . - . 25/H*0ELVA/AMAX) Gl 2100
IF (ACF .G T.  2 . 0 )  GO TO 93 Gl 2110

c Gl 2120
c IN C . F .  MODE AND ANCWICARNOW) .G E .  0 .  .AND. .L T .  2 . 0 Gl 2130
c CHECK IF  ACCEL. SHOULO BE INCREASED DUE Gl 2140
c TO LARGE FOLLOWING DISTANCE. Gl 2150
c AOD TERM TO ACCEL. IF SA/SD .G T.  1 . 2 Gl 2160
c Gl 2170

IF ( SAOVSD . L T .  1 . 2 )  GO TO 94 Gl 2180
FA = 2 .0 Gl 2190
IF f  SAOVSD . L T .  1 .4 J  FA = IS AO V S O-1 .2 )*10 . Gl 2200
IF(ACF .G T .  FA) GO TO 93 Gl 2210
ACF = FA Gl 2220



c Gl 2230
c CORRECT ACCEL. IF SA/SD . L T .  1 .6  .AND. ANOWl CARNOW-11 . L T .  0 . Gl 2240
c •AND. DELTAV .GT.  0 . Gl 2250
c Gl 2260

93 IF (SAOVSD .G T .  1 .6  J GO TO 10C0 Gl 2270
94 IF-l DELTAV .L T .  0 .  .OR.  AAA .GT. 0 .  ) GO TO 1000 Gl 2280

IF!  AAA . L T .  - 4 . 0 1  GC TC 101 Gl 2290
ACF = ( 1 . 0  * AAA/4.0J*ACF Gl 2300
GO TO 1000 Gl 2310

101 ACF = 0 . Gl 232 C
GO TO 1000 Gl 2330

C Gl 2340
C CAR EXPECTING TO DECELERATE Gl 2350
c Gl 2360

102 FACTOR = 1 .0 Gl 2370
I F I  VCAR(CARN0+1) . L E .  2 0 . 0  ) GO TO 107 Gl 2380
ACV = 2 0 . 0  /  VCAR(CARN0+1J Gl 2390
FACTOR = AOV ♦ ( l .-AOW/SAOVSD Gl 2400

107 PDELVD * FACTOR * DELVD/H Gl 2410
I FI AAA .G E.  0 .  .OR. SAOVSD .G T.  1 . 6 )  GO TO 108 Gl 2420
PDELVD = PDELVD ♦ SORT( ( 1 . 6 - SAOVSD1 / 9 . 6 1 *AAA Gl 2430

108 IF< PDEL VD .GE. “ 1 0 . )  GC TC 103 Gl 2440
C SSAFE = 1 /  (2*AMAX ) *( V l**2  -  V2**2 + 1 AMAX—A2 )* G l 2450
C 1 2*V2*TAU+A2*TAU**2) Gl 2460
C HERE TAU = 0 . 4 5  SEC. Gl 2470

IFI  IDMODEICARNOW) .EQ. 1) GO TO 104 Gl 2480
SSAFE * 1 . / 4 8 .  *IVCARICARFOL+11**2 -  VCARICARNO+l )* * 2  + <24.*-AN0W< Gl 2490

1CARNOW)) * < .9  *VCAR( CARFOL + 1 1 + 0 .2 0 2  5*AN0M< CARNOW)1) Gl 2500
I F I  SA.LT.SSAFE) GO TO 105 Gl 2510
ACF *  - 1 0 . Gl 2520
GO TO 106 Gl 2530

105 IDMCOEICARNOW! = 1 Gl 2540
GO TO 104 Gl 2550

103 I DMOOE( CARNOW) = 0 Gl 2560
104 ACF = POELVD Gl 2570
106 I F I  OELTAV . GT. 0 .  .OR. AAA .L T • 0 .  ) GO TO 1000 Gl 2580

IF I  AAA .GT.  4 . 0  I GO TO 101 Gl 2590



c
ACF = { 1 . 0  -  AAA/*.0 ,)*ACF Gl 2600 

1 O
c -  END OF CF MODE

v 1
Gl  
r  l

401 U 
2620  
54 i n

1000 CONTINUE Gl
cO 3U 
26*0

c ** Gl 2650
c ** G l 2660

GC TO IBACK,( 2 5 4 , 2 5 6 , 3 0 0 1 Gl 2670
c ** Gl 2680
c ** Gl 2690
300 ANOWICARNOW) = ACF Gl 2700
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Gl 2710
c * COMPUTE ACCELERATION DUE TO SIGNS * Gl 2720
c ***************************************** Gl 2730

990 I F I  CCNTRL.EC.O .OR. COMPLY(CARNOW ) . EQ*0 1 GO TO 992 Gl 27*0
C LOCATE SIGN THAT DRIVER SAW TAUS SECONDS AGO Gl 2750

NSIGN - XCAR(CARFOL + K S IG N J /5 2 6 .  + 1 . Gl 2760
IFI  NSIGN . L T .  1 ) GC TO SS2 Gl 2770
I F (  NSIGN .G T.  ITEN ) GO TO 992 Gl 2780

C WAS VSIGN CHANGED WITHIN LAST TAUS SECONDS Gl 279C
IF ( IFIFTH . L T .  KSIGN ) GO TO 980 Gl 2 800

C VSIGN WAS NOT CHANGED WITHIN LAST TAUS SECONDS Gl 2810
IFI  LSIGNI NS IGN) .E C .  OFF J GO TO 992 Gl 2820
MSIGN = ISIGN Gl 2830
GO TO 985 Gl 28*0

C VSIGN WAS CHANGEO WITHIN LAST TAUS SECONDS Gl 2850
980 MSIGN = ISIGN -  1 Gl 2 8 6 0

I F I  MSIGN .EQ.  1 ) MSIGN = 7 Gl 2870
c WAS NSIGN ON DURING PREVIOUS 5 SEC INTERVAL Gl 2880

IF I  VSklGNI NSIGN, MSIGNJ .G T.  1 .E 8  ) GO TO 992 Gl 2890
c Gl 2 9 0 0
c ASIGN = ACCELERATION DUE TO SIGNS Gl 2910
c Gl 2920

985 ASIGN = BETA*( VSIGN!NSIGN,MS IGN 1-VCAR4CAAF0L+KSIGN14 Gl 29 3 0
IF I  ASIGN .G E.  ANOWICARNOWi) ) GO TO 992 Gl 29*0
IFCL=1 Gl 2950
ANOWI CARNOW )=ASIGN Gl 2960



2970
2980
2990
3000
3 0 1 C
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
332C
3330

IBRNCH!CARNOWI = IBRNCHICARNOU) + 50 Gl
Gl

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  G l
UPDATE SECTION —  ANOWICARNOW) HAS JUST BEEN COMPUTED Gl

** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  Gl
Gl

VCARICARFOL) = VCAR«£ARF0L*1J * .2*AN0WCCARN0WI Gl
IFI VCAR( CARFO L J .  LT.VCIMIT) GO TO 510 Gl
ANOWICARNOW i =IVLIMir~VCAR(CARFQL*l})*5. Gl
VCAR(CARFOLJ=VLIMIT Gl
GO TO 991 Gl
1F 4 VCAR( CARFOL J .G E .  O .J  GC TC 991 Gl
VCARICARFOLI = 0 .  Gl
ANOWC CARNOW 1 = =5.*VCAR(CARFCL+1 ) Gl
XCAR4CARF0L) ^=XCAR tCARFCL ♦ U  *VCAR (CAR FOL + 1 1*. 2  «- .02*AN0WICARNOWi Gl
IF (XCAR(CARNO i -  XCAR ICAR FCL .G E .  2C. J GO TO 200 Gl
XCARICARFOLl = XCARICARNO) -  2 0 .  Gl
VCAR (CARFCLl = 5 . *<XCAR.( CARFOL I-XCARI CARFOL* 1 > ) Gl
ANOWICARNOW* * 5 . * (  VCAR (CARFOL ) -  VCAR(CARF0L*1II Gl

Gl
UPOATE ND AND VO ~  DETECTOR INFCRMATICN Gl

Gl
C1=CECT (CARNOW ) Gl
C2-XCAR(CARFOL1 / 5 2 8 •  *  1.  Gl
IFCC2 .EQ. C i i  GO TO 601  Gl
CECT4CARN0WI =C2 Gl
IF (C 2  .GT. ITENP) GC TO 601 Gl
NDICl • I5SEC ) =ND( C1* 1 5SEC) -  1 Gl
VDICl»I5S  EC) =VCAR< CARFOL) Gl
IF IC 2  .EQ .  ITENPI GO TO 601  Gl
ND(C2« 15SEC) =NC4C2 »I5SECA * 1  Gl

Gl
Gl

I F f  M0D4CARNOW* 1 0 ) .NE.O.OR.CARNOW.LT.CARA ) GO TO 602 Gl
JSP = CARNOW/10 Gl
SPACE( JSP) = SPACEI JSP)  «■ XGARICARNC) -  XCAR(CARFOLI Gl
TSPACE ( J SP) = TSPACE( JSPJ * 1 .0  Gl



IFUVSET .E Q .  0 .OR. CARNOW .G T .  100) RETURN Gl 3340
IVSEC! CARNOWvJSECl = MFIX (VCARf CARFOL! «• .51 Gl 3350
I F « I F C L . E C . l )  IVSECfCARNOW®JSEC)=-IVSEC(CAPNCW,JSECI Gl 3360
IFCL = 0 Gl 3370
RE TURN Gl 3380
END Gl 3390



50
C

100

SUBROUTINE ZAP ZAP 10
INTEGER ENTER ZAP 20
COMMON /KKKKKK/ESlG2»ETST0P«ETGTLT,EPERvEPCMff,IEVAVl«IEDX,NENS. ZAP 30

2 JENS»EQ» ESPACEI101 *RR1 ZAP 40
CCMMCN /MPMMMM/IVPRNT*IV1*TV2,IF IFTH*IFOL.SPACE!1 0 J, TSPACE!101 ZAP 50
COMMON / l l l l l l / ENTER*QHQUR»HMIN» HMGDE*IR* HBAR2,PCMPLV*PCMP ZAP 60
DIMENSION IRENSI101 ZAP 70
DATA IRENS/652739* 688379* 362591 * 4 4 3 1 0 7*967765*619915*727273* ZAP 80

2 8 6 6 5 3 1 * 2 0 9 8 3 1 * 7 4 7 2 5 9 / ZAP 90
RR1 = 1 . 0 ZAP 100
ES4G2=0. ZAP 110
ETSTOP=0 « ZAP 120
ET0TLT=0. ZAP 130
E0=0. ZAP 140
EPER=0. ZAP 150
EPCMP=0. ZAP 160
I EVA V 1=0 ZAP 170
I EDX=0 ZAP 180
I FI IVPRNT .EQ. 1 ) IVSAVE = 1 ZAP 190
DO 50 1= 1*10 ZAP 200
ESPACE(II = 0 . 0 ZAP 210

ZAP 220
DO 100 JENS=1,NENS ZAP 230
IR=IRENSIJENS) ZAP 240
CALL TITLE ZAP 250
CALL HI MAY ZAP 260
IVPRNT = 0 ZAP 27 0
CONTINUE ZAP 280
IF4 IVSAVE .E Q .  1 J IVPRNT -  1 ZAP 290
RETURN ZAP 30 0
END ZAP 310

155



10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180
190
200
2 1 0
220
230
240
250
260
270
28 0
290
3 0 0
310
320
330
340
3 5 0
360
370

SUBROUTINE SETSGN SETS
IMPLICIT INTEGERfC»I-N) SETS
INTEGER42 ND«IBRNCH,NSON, NSFULL«LMT AGI10 0 1 ,  COMPLY SETS
INTEGER ON, OFF SETS
DIMENSION HOKKI100 J SETS
COMMON XC AR (3861)  , VCAR (386 14 ,AN0W<350) ,CYC LE l.CARONE » TNOW, CAR A, SETS 

1 CARZ, CYCLEZ, CYCLEA SETS
COMMON / AAAAAA/ NCARS,NMILE,VSTART,TXPRNT, IBRNCH(350I ,  SETS

1 CARNOW, NOPRNT,CONTRL,ON,OFF,BETA,TAUS,KSIGN»LSIGN<1 0 0 ) ,  SETS
2 HBAR,HDRV<350), COMPLY?3 5 0 ) , VS IGN( 1 0 0 , 7 )  SETS
CCMMCN /CCCCCC/CBUG1 ,CRCUNO*SGNC SETS
COMMON/NNNNNN/ITEN,ITENN,ITEND2,ND41 0 0 , 7 ) , I5SEC,VD!1 0 0 , 7 )  SETS
COMMON /UUUWUU/ NSONt1 0 0 1 , NSFULL<1001 ,NFTC1 0 0 ) , HTEST, VSTARX SETS
DATA Y / 7 . 3 3 3 3 3 3 /  SETS
IF(  CBUG1 cEQ * 0 ) GO TC 2C1 SETS
CALL STEPH! TNON,MIN,ISEC,SEC I SETS
WRITE ( 6 ,9 0 0 )  MIN,ISEC,SEC SETS
F 0 R M A T U H l , * T = « , I 2 , f -« ,11  , F 3 .  1 , / / / / »  SETS
DO 200 K = l,NMILE SETS
K2 *  10*K SETS
K1 = K2 -  9 SETS
IFI  K .EQ. 6 ) WRI TE(6 , 9 1 4 j  SETS
FORMAT I1H1I SETS
WRITE ( 6 , 9 0 1 1 1 1 , I * K i , K 2 i ,  ( I « I -K1,K2 ) ,  ( NC( I ,  I5SEC ) ,  I=K1,K2) ,  SETS

1( VD( I ,  I5SEC ) , I  = K1,K2) , I N F T ( I J ,  I = K l ,K 2 i  SETS
FORMAT!3X,1011 OX,'S« , 1 2 1 / I X , * * '  ,1 0 (1 2 X ,«  *• ) / I X , * * * ,  101IX ,  'SECTION SETS 

1 '  , 12 , 1  X, •*  •! / 1 X , « * '  ,1043X,*NDS' , I 2 , 4 X , * * '  I / 3 X ,  10I8X ,  F 5 . 1 ) /  SETS
2 3X ,10(  8 X , 1 5 ) / / / / )  SETS

CONTINUE SETS
SETS

LOCATE SECTION OCCUPIED BY FIRST CAR ANO BY LAST CAR SETS
LAST CAR ON SECTION NL SETS

FIRST CAR CN SECTION NF SETS
SETS

NL—XCAR(CY C L E Z i /5 2 8 ,  + 1• SETS
NF* XCARICYGL EA) / 5 2 8 1 • SETS
IF ( CBUG1.EQ. 1 ) WRITE( 6 , 9 1 0  )NF,NL SETS



910 F0RMAT41X,'FIRST CAR IS ON SECT I ON* ,  13 ,* CAST CAR IS  ON SECTION* SETS 380
l t l  31 SETS 390

C SETS 400
c SET ALL SIGNS OFF SETS 4 1 0
c SETS 420

00 300 I»1*ITEN SETS 430
LMTAG(I) * 9999 SETS 440
V S IG N ( l« I5 S E C 4 - i« E 1 0 SETS 45 0

300 LSIGNC I )=OFF SETS 460
C SETS 470
c CHECK IF SIGN 1 SHOULD BE SET SETS 480
c ARE THERE ANY CARS ON SECTION 1 SETS 490
c SETS 500

IF(CARZ.EQoNCARS.Oft.NLcNE.l .GR.Nf.EC.l)  GO TO 320 SETS 510
c SECTION 1 IS  NOT EMPTY SETS 520

IFIVSTARX.GT.VDI1* I5SECI.AND.VD 12*I5 S E C I• CE.VD(1 * 15SEC9IGC TO 310 SETS 530
GO TO 320 SETS 540

c SET SIGN 1 SETS 550
310 VSIGNIl * I5SEC)=VD( 1 » 15SEC ) SETS 560

LSIGN(l)=QN SETS 570
NSON(l) = NSONUI+l SETS 580
LMTAG(l) = VD(1„I5SECJ SETS 590
IF I  CBUG1 .EQ. 1 ) WRITEC6» 9021 VS IGN( 1 , 15SEC1 SETS 6 0 0

902 FORM ATT IX f 'SIGN 1 IS SET T 0 * y F 5 .1 l SETS 610
C SETS 6 2 0
C LOOK FOR LOCAL MINIMUM SETS 630
C FIRST CHECKPOINT I S  VOINLH) SETS 6 4 0
C SETS 65 0
320 L M=NL*l SETS 6 6 0

I F ( CBUG1 .EQ .  1 .AND. LS1GNT1) .EC. OFF) WRITE(6,9C3I SETS 670
903 FORMATI1X«'SIGN 1 WILL NOT BE SET*) SETS 6 8 0

C SETS 6 9 0
C DETERMINE LAST CHECKPOINT L ML AST SETS 700
C SETS 710

LMLAST—NF-1 SETS 720
IFTCARA.NE.1 .AND. NF.EQ.ITEN) LMLAST =NF SETS 730

C SETS 740



c ARE THERE MORE CETECTORS TO BE CHECKED? SETS 75 0
c SETS 760

IF ILMLAST-LM.LE.- l )  GO TO 600 SETS 770
c SETS 780

I F I  CBUG1 .EQ. 1 ) WR IT E < 6 ,9 0 4 i  CM SETS 790
9 0 4 FORMAT1 1 X,*CHECK FOR LOCAL MINIMUM STARTING AT V D ( ' « I 2 « VI ' I SETS 800

IFI CBUG1 .EQ .  I ) WRITE( 6»905!  LMLAST SETS 810
905 F0RMATC1X? eLAST CHECKPOINT IS  VDi « * 13,« *• / /  h SETS 820

C SETS 830
C SETS 840
C CHECK FCR LCCAL MINIMA FROM STATIONS L* TO LMLAST SETS 850
C SETS 860

DO 500 I=LM,LMLAST SETS 870
IF CI .EQ.LMLAST1 GO TO 330 SETS 880
I F< VD( I - I v  I5SEC)oG T.V D <I,15SEC).A N D .V D(I+ l» I  5 SEC) • GE.VDCI « 15 SEC) 1 SETS 890

2 GC TO 340 SETS 900
GO TC 500 SETS 910

C CHECK FOR LOCAL MINIMUM FOR VD(LMLAST,I5SEC1 SETS 9 20
3 3 0 I FI V DC I? I 5 S E C i . L T . V D ( I - l f I  5SEC) I GO TO 340 SETS 930

GO TO 500 SETS 940
C SETS 950
C LOCAL MINIMUM FOUND —  SET SIGNS BACK TO SIGN 1 OR SIGN NLH SETS 960
C SETS 970

340 NBEGIN=NL*I SETS 9 8 0
IFCLSIGNC D.EQcQN) NBEGI N=1 SETS 990

C SETS 1000
c SETS 1010

I F I  CBUGI .EQ .  1 ) kRITE( 6 , 9 0 6 )  I.NBEGIN SETS 1020
906 FORMAT! IX.'LOCAL MIN. FOUND AT V D I « , I 3 , « I .  SET SIGNS BACK TO SIGN SETS 1030

l » .1 4 * SETS 1040
DO 400 J=NBEGIN,I SETS 1050
JJ=I«-NBEGIN-J SETS 1060

C SETS 1070
C CHECK LMTAGIJJ.) -----  HAS SIGN J J  PREVIOUSLY CONSIDERED SETS 1080
c DUE TO LOCAL MINIMUM OF SMALLER VALUE FURTHER UPSTREAM SETS 1090
c SETS 1100

IF I  LMTAGC J J )  .L T .  V D II . I5SEC ) ) GC TO 384 SETS 1110



c SETS 1120
c SETS 1130
c SKIP SIGN SETTING AT LOCAL MINIMUM SETS 1140
c SETS 1150

IFI J .EG. NBEGIN i GO TO 385 SETS 1160
c SETS 1170
c LMTAGUJ) NOT CHANGED FOR SIGN LOCATED AT LOCAL MINIMUM SETS 1180
c SETS 1190

LMTAGIJJ) = VCUvI5SEC) SETS 1200
c SETS 1210
c CALCULATIONS FOR SETTING JJ-TH SIGN SETS 1220

I F I J J . G T . l l  VIM1=VD(JJ~ls I5SEC) SETS 1230
I F < J J . E Q • 1 t VIMls VSTARX SETS 1240

c COMPUTE INITIAL SPACING CVER THE JCARS VEHICLES SETS 1250
K K = I-J J+ 1 SETS 1260
Sl=F LOATIKK)* 5 2 8 . SETS 1270

c COMPUTE ESTIMATED FINAL SPACING SETS 1280
S2 * 0 . SETS 1290
KJ * 0 SETS 1300
DO 393 K= J J «I SETS 1310
KJ=KJ«-1 SETS 1320
ND4=NDIK*I5SECJ SETS 1330
FND4-F«L0ATf ND4) SETS 1340
VDK=VO(K«I5SEC) SETS 1350
IFI K .EQ .  1 ) VDN=VSTARX SETS 1360
IF I  K .NE.  1 ) VDM= V D IK - l*15SECI SETS 1370
VKBARM VOK+VDM 1 * 0 .5 SETS 1380
I F I  N04 .GT.  15 .OR.  VDK .L T .  1C. ) GO TO 391 SETS 1390
IFI NO4 .EQ. 0 ) GO TO 396 SETS 1400
HDK—I 5 2 8 .  /FND4 -  20 .) /VK6AR SETS 1410
I FI HDK.LT.HTEST IGO TC 341 SETS 142 0
HDK=HTEST SETS 1430
IF IC B U G l .E Q . i l  UR IT E16 » 941)  K SETS 1440

941 FORMAT!' * , ' * * *  H 0 K I S I 2 . ' !  IS TOO LARGE.. . REPLACED BY HTEST** SETS 1450
341 HDKKIKJ)=HOK SETS 1460

DK=IHDK*VDII. I 5 S E C J + 2 0 . ) *FN04 SETS 1470
GO TO 392 SETS 1480



3 96 HOKKCKJI -  0 . SETS 1490
DK = 0 . SETS 1500
GO TO 392 SETS 1510

391 DK-(HBAR*VDCI, I5 S E C I+ 2 0 • I*FND4 SETS 1520
HDKKtKJ)=HBAR SETS 1530

392 S2=S2+DK SETS 1540
393 CONTINUE SETS 1550

C COMPUTE OPTIMUM ACCELERATION ON SECTION J J  (NEGATIVE) SETS 1560
DV = VJMl~VD( I , I5S E C ) SETS 1570
IF(OV .L E .  0 . )  GO TO 37 4 SETS 1580
DV2=DV*DV SETS 1590
DS = S2 - SI SETS 1600
IF IO S .G T .O . )  GO TO 377 SETS 1610
TSIGN * -  DS * 2 .  /  OV SETS 1620
AOPT =“ DV/TSIGN SETS 1630

c COMPUTE SETTING FOR IJ -T H  SIGN SETS 1640
SARG = VI Ml *V I Ml ♦ SGNC*AQPT SETS 1650
IFISARG .GT. 0 . )  GC TC 375 SETS 1660
VSJJ * 0 . SETS 1670
GO TO 376 SETS 1680

374 IF(CBUG1 .EQ. 1) MRITE(6 *9 30) ,J,J?I»DV SETS 1690
930 FORMAT I9 X * « S I G N % I4 ,*  NOT SET SINCE DV=V IM 1-VD( • • 13 ,  ») = « , F 6 . 1 , SETS 1700

2 " I S  NEGATI VE® / /  ) SETS 1710
GO TO 400 SETS 1720

377 IF4CB U G U EQ .i l  MRITE(6 . 9 2 1 I J J ,D S SETS 1730
921 FORMAT (9X»*SIGN*»I3*® NOT SET SINCE OS = S2 -  SI = « , F 5 . i , SETS 1740

2 * I S POSITI VE * / / ) SETS 1750
GO TO 400 SETS 1760

375 VSJJ = SORT(SARG) SETS 1770
376 CONTINUE SETS 1780

TMI N=528. /  VDM SETS 1790
IF(TSIGN.GT.T MIN) GC TC 397 SETS 1800
WRITE(6*922) J J ,T NO *,T SIG N .T HIN ,DV ,O S,SI ,A O PT,VSJJ SETS 1810

922 FORMATI / I X ,1254 ) , / I X  , ' SIGN* , I 3 » 3 X , *TNOW=** F6.1*3X« 'TSIGN**, SETS 1820
2 F 5 .  1,  • . L T .  TMI N—# , F 5 . 1 , 3 X , , DV=S , , F 5 .  i , 3 X ,  • D S = '» F 5 . 0 , SETS 1830
3 3 X, • SI =® ,F 6 .  0 ,3 X ,  * AOPT=* , F 6 . 2  ,3X , • VS J J(TENT.  ) = * ,  F 5 .  1 ,  • F T /S E C ') SETS 1840

V S J J - V D I J J , 1 5 SEC) SETS 1850

160



* R I T E (6 ,9 2 3 >  J J , V S J J SETS 1860
923 F CRM AT ( 1 X, ® SET SIGN*, 13.» T Q « ,F 5 . l» «  FT/SEC = VALUE FROM DETECTOR SETS 1870

2AT LQCA TION OF SI GN' / I X  ,1254 * *® >/ ) SETS 1880
397 IFI  CBUG1 .EQc 0 ) GO TO 2C2 SETS 1890

JJM *  J J  -  I SETS 1900
WRI T E I6 ,9 1 5 )  J J , J J M  »V I Ml ,V Cl J* I 5 S E C ) ,S 1 ,  S 2 .0 S SETS 1910

915 F ORMAT ! 6X , ®NOW SETTING SIGN®,I 3,® FOR IMAGINARY CAR LOCATED AT SIG SETS 1920
2N®, 13*/9X*®ASSUMED INITIAL VELOCITY =®,F5 .1 ,®  AND ASSUMED FINAL V SETS 1930
3E LOCI T Y *■ , F 5 . 1 , / 1 1 X , ®  INITIAL SPACING = S F 6 . 0 , ‘ FEET AND* SETS 1940
4 « FINAL SPACING = ® ,F 6 .0 ,«  FEET»»5X,»S2 -  SI = « , F 6 . 0 ) SETS 1950

WRI TEI6 , 9 1 6 )  4 I A»HQKK( IA- J J+1-) » IA = J J ,  I ) SETS 1960
916 FORMAT! < U X V7(*H<( ,12 ,® ) = « ,F 4 .2 » 3 X )  ) ) SETS 1970 .

WRITE!6 , 9 1 7 i DV.DV2,TSIGN»AOPT,SARG»VSJJ SETS 1980
917 FORMAT! SETS 1990

211X,*DV = ( t F 6 .2 ,®  FT/SEC®„5X,«DV*DV = * ,F 7 .2 ,®  T S IG N = « ,F 5 .1 .*  SEC.,« SETS 2000
3 ,  5X, ®AOPT = ®»F 6 . 2 , ® F T /!SE C M *2«  ,5X,  «SARG = ® » F 8 . i /  9X,*C0MPUTED SI SETS 2010
4GN SETTING = VSJJ  =  ® ,F 6 .1 ,  * FT/SEC®) SETS 2020

202 CONTINUE SETS 2030
IFf VSJJ .L T .  VI Ml ) GO TO 3 80 SETS 2040
IF !  CBUG1 .EQ. 1 1 W R IT E I6 ,9 1 l ) SETS 2050

911 F0RMATI6X,® SIGN NOT SET BECAUSE COMPUTED SETTING IS GREATER THAN S SETS 2 0 6 0
2 PEED OF CAR 52 8 FEET UPSTREAM® / /  ) SETS 2070

GO TO 400 SETS 2080
380 IF I  VSJJ .L T .  VSIGN4 J J « 15SEC) ) GC TO 381 SETS 2090

I F !  CBUG1 .EQ. 1 I WRITE(6,912) SETS 2100
912 FORMATI6X,®SIGN NOT SET BECAUSE COMPUTED SETTING I S  GREATER THAN P SETS 2110

2REVI0US SETTING® / /  1 SETS 2120
GO TO 400 SETS 2130

381 IF! ND (JJ , I5SEC» .N E.  0 1 GO TO 382 SETS 2140
IF! CBUG1 .EQ .  1 I *RITEC6 , 9 1 3 )  J J SETS 2150

9 1 3 FORMAT46X,® SIGN NOT SET BECAUSE THERE ARE NO CARS ON SECTION®.13 / SETS 2160
2 /  J SETS 2170

GO TC 400 SETS 2180
385 IFI  CBUG1 .EQ .  1 ) WRITE( 6 , 9 2 0 ) SETS 2190
920 FORMAT! IX,® SKIP SETTING OF SIGN LOCATED AT LOCAL MINIMUM*//) SETS 2200

GO TO 400 SETS 2210
384 IF! CBUG1 .EQ. 1 ) « R I T E ( 6 , 9 1 8 )  JJ,LMTAGCJJ) SETS 2220

161



918

C
382

9C8 
909 
3 83

931

203

400 
5 CO 
600

700

C
C
C

801

FCRMATi6X,«SIGN«»I3,« HAS BEEN PREVIOUSLY CONSIDERED DUE TO LOCAL SETS 2230
2MINIMUM FURTHER UPSTREAM OF SMALLER VALUE* I . E . ® , 14 , * FT/SEC* / / SETS 2240
3 1XV1**STCP SCANNING SIGNS AND LOCK FOR OTHER LOC. MINIMA FWITHER SETS 22 5 0
4 DOWNSTREAM® / /  ) SETS 2260

GO TO 500 SETS 2270
SET J J -T H  SIGN SETS 2280

VSIGNIJJ*I5SECI=VSJJ SETS 2290
IF I  CBUG1 .EQ .  0 I GO TO 383 SETS 2300
IFI L S IG N IJ J I  .EC.  OFF) WRITEI6»908) J J» V S J J SETS 2310
IFI LSilGNt J J  ) .EC .  ON ) WRI TEI6 ,  909 ) J  J . V S i  J SETS 2320
FORMAT!1 IX* ® SET SIG N «*I3*B J 0 * , F 6 . l / /  ) SETS 2 3 3 0
FORM ATI 11 X* *RE-SE T SIGN* ,13 ,® T 0 « , F 6 . 1 / /  1 SETS 2340
I F I I . N E .  J J  .O R.  VS JJ .GT.VOI J J*  I 5 S E C I - 2 .  ) GO TO 203 SETS 2350
VSIGN! J J « I 5 S E C 1 = V D ( J J , I 5 S E £ ) - 2 . SETS 2360
IF IC B U G l.E C .1) WRIT EI6* 9 3 1 )  J J ,V S I G N ! J J , I 5 S E C ) SETS 2370
FORMAT!11X,®SIGN®,1 4 , ® IS  AT LOCAL MINIMUM. RE-SET SIGN TO*, SETS 2380

2 F 6 . L / /  ) SETS 2390
CONTINUE SETS 2400
I F I  LSIGNIJJ)  .EQ .  ON J  GC TC 400 SETS 2410
LSIGNI JJi)=ON SETS 2420
NSONIJJ) = NS0NIJJ)+1 SETS 2430
CONTINUE SETS 2440
CONTINUE SETS 2450
DO 700 1 = 1 , ITEN SETS 2460
I F I  NDH* I5SEC) .E Q .  0 ) GC TO 700 SETS 2470
NSFULL 11<)= NSFULLlIJ+1 SETS 2480
CONTINUE SETS 2490
IFI CRCUND .E Q .  0 J GO TO 950 SETS

SETS
2500
2510

ROUND SIGN SETTING —  POSSIBLY SET SOME OFF SETS
SETS

2520
2530

IFICBUG1 .EQ.  I )  WRITEIA.,801 ) SETS 2540
FORMAT! IX * “RESULT S OF ROUNDING*/ 1 SETS 2550
DO 720 1 = 1 , ITEN SETS 2560
V5IG=VSIGN<11155 ECt SETS 2570
IF (LSIGN4I) • EQ. OFF ) GO TO 720 SETS 2580
IF I  I .EQ.  1 ) VIM= VS’t ARX SETS 2590
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SUBROUTINE STEPHIXJN, I l . I 2 . F T l )
XIN > INPUT IN SECONDS
11 * # OF MINUTES
12 *  # OF 10 SECONOS
FT I * SECONOS C FRACTION OF SECONO

I I *  XIN /  6 0 . * .0 0 0 1  
F * XIN -  60 .*F L 6A T 4I1I 
12 *  F /  1 0 .

F T I*  F -  lO.*FLOAT 1121 
I F !  F T I «LE. 0 . 0  ) FT I -  * 0 .0  
IF I F T l .L T .  9 .9 5 1  GO TO I I I  
F T I * 0 .0  
12 *  12 * 1
I F I 12- .L E . 5 )  GO TO 111 
12 «  0 
1 1 * 1 1 * 1  

111 RETURN 
END

STEP 10 
STEP 2 0  
STEP 30  
STEP 90 
STEP 50 
STEP 6 0  
STEP 70 
STEP 80 
STEP 90 
STEP 100 
STEP 110 
STEP 120 
STEP 130 
STEP 190 
STEP 150 
STEP 160 
STEP 1T0 
STEP 180 
STEP 190
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SUBROUTINE F3 F 3  10
IMPLICIT IN TEG HI <C ,1 -N )  F 3  20
INTEGERS JSEC, JVSET, IVSEC41 0 0 , 5 > ,CECT, IBRNCH.COMPLY F3 30
INTEGER ON, OFF F3 VO
COMMON XCARA3 8 6 1 ) , VCARI3861)«  ANON!350)  «CYCLE 1 , CARONE«TNOM«CARA* FS 50

I  CARZ, CYCLEZ, CYCLEA F3 60
COMMON /AAAAAA/ NCARS,NMILE,VSTART,TXPRNT, IBRNCHC 3 5 0 ) ,  F3 TO

1 CARNOW, NOPRNT*CONTRL,ON,OFF«BETA*TAUS,KSIGN«L$IGN( 1 0 0 ) ,  F3 80
2 HBAR,HDRV(S50I *C0MPLY!350), VSIGN(100«7i F3 90

COMMON /B6BBBB/TF3( 5 ) , A F3(4 1 , BASE,NREP,NREPI,VI3 F3 100
COMMON /GGGGGG/ ISIGN, JSEC, JVSET, IVSEC,I  VP, ITENP,CECT!350) F3 110

F3 120
THIS SUBROUTINE UPDATES THE CARONE-TH CAR F3  130

I.~E. THE FURTHEST CAR ON HIGHWAY OR EXTENSION F 3  140
F3 150

LEAO CAR GOES ACCORDING TO CONSTANTS T F 3 I I T  ANO AF3CI) F3 160
TNOH REPRESENTS OLO TIME F3 170
COMPUTED VALUE OF aACC« REPRESENTS ACCEL, AT TNOW F3 180
COMPUTED VALUES OF * X£AR'  £ *VCAR« ARE FOR T«TN0W*.2 F3  190

F3 200
I F !  CARONE .N E .  I  I GO TO 60 F3 * 21 0

50 I F !  T N 0 H .G T .T F 3 d )  .AND, NREPI .NE.NREP I GO TO 100 F 3  220
60 ANCW (CARONE)*0. F 3  230

GO TO 60 0    F 3  260
100 IF(  TNOW iGTV TF3121♦BASE i  GO TO 200 F3 250

ANOWICARONEI*AF3!1) F3 260
GO TO 6 0 0  F3 2 7 0

2CQ IF C TNOW .G T .  TF3(3I«BASE J GO TO 300 F3 280
ANOW(CARONE)= A F 3I2 ) F3 29 0
GO TO 600 F3 300

300 I F ( TNOW .G T .  TF3!4)*BASE J GO TO 400 F3 310
AN0W(CARGNE)=AF3(3) F3 3 2 0
GO TO 600  F3 330

400 I F !  TNOW .G T .  T F 3 (5 1 +BASE I GC TC SCO F3 340
ANOW(CARONE)*AF3( 4 )  F3 3 5 0
GO TO 600 F3  360

500 NREPI = NREPI ♦ I  F3 370
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BASE -  BASE + T F 3 I5 J  -  T F 3 ( 1 )
GO TO 50 

C UPDATE XCAR ANO VCAR
BOO VCAR4 CYCLE I I  *VCARICYC4_E1*1) * ■  A NOW (CARONE 1*0 .  2

XCAR (CYCLED * XCAJUC YCLE1 + 1J «■ VCAR (C VCLEl+l)*0«2  
2 0 .02

UPOATE DETECTORS

CALL NOVO
C

I F ( 4VSET *EQ« O.OR. CARONE «GT. 1001 RETURN 
I VSECf CARONEtJSECI « HFIX (VCAR(CYCLED ♦ 0 .5 1  
RETURN 
ENO

F3 380
F3 390
F3 400
F3 - 410
FS 420
F3 430
F3 440
F3 450
F3 460
F3 470
F3 480
F3 490
F3 500
F3 510
FS 520
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SUBROUTINE NOVO NDVO 10
c NOVO 20
c UPOATE NO AND VO —  DETECTOR INFORMATION NOVO 30
c THIS SUBROUTINE I S  CALLEO BY F3 NOVO 40
c NOVO 50

IMPLICIT INTEGER 4 C . I - N I NOVO 60
INTEGER*2 ND« CECT,JSEC,JVSET,IVSEC410C.5A NOVO 70
COMNON XCAR4386U ,  VCAR4 3861)  , ANOMI3501 ,C YCLE I,CARONE. TNOM.CARA, NOVO 80

2 CARZ tCYCLEZ.CYCLEA NOVO 90
C0MMS2N /  GGGGGG/ IS IGN. JSEC. JVSET, I VSEC.IVP. ITENP.CECT4 3501 NOVO 100
CONMON/NNNNNN/ITEN, ITENM. ITEND2.N04 1 0 0 . 7 ) ,  I5SEC. V04 100.71 NOVO 110
Cl * CECT(CARONE) NOVO 120
C2«XCAR4CWCLE14/528. *  1 . NDVO 130
IF ( C 2  . EQ. Cl) GO TO 6 0 1 NOVO 140
CECTICARONEI « C2 NOVO 150
IF4C2 .G T.  ITENP4 GO TO 601 NOVO 160
IF4C2 .EQ. 1) GO TO 600 NOVO 170
N0(C1.I5SEC4 = NO(C1 . I5SEC! — 1 NOVO 180
V0IC1.I5SEC) * VCAR (CYC LE U NOVO 190
IF4C2 .E Q .  ITENPI GO TO 6 0 1 NDVO 200

600 NDCC2.I5SEC) *  ND(C2.15SEC) ♦ 1 NOVO 210
601 CONTINUE NOVO 220

RETURN NOVO 230
ENO NDVO 240

Oi<1



SUBROUTINE FINISH F INI 10
IMPLICIT INTEGER < C , I - N ) FINI 20
INTEGERS JSTOP, JEX IT ,  NO, COM PLY FINI 30
INTEGER*2 IDX0UTI350) , 1 VOUII3 5 0 J • IBRNCH,NSCN,NSFULL FINI 40
INTEGER ON, OFF, ENTER FINI 50
COMMON /  AAAAAA/ NCARS, NM1LE« VSTART ,T XPRNT, IBRNCH ( 3 5 0 1 , FINI 60

I  CARNOW, NOPRMVCCNTAL »ON,OFF, BETA,TAUS,KSIGN,LSIGN<1001* FINI 70
2 HBAR,H0RV*3501,CQMPLYI350).VSIGN*1G0,7I F IN I 80

COMMON /BBBBBB/TF3(5)*AF3I41,BASE«MREP,NREPI«VI3 FINI 90
COMMCN /GCCCCC/CBUG1 ,CROUNO,SGNC FINI 100
COMMON /FFFFFF/TOTALT ,  A.TOTAL! 350)  , TRAVEL! 3 5 C I ,  JE XI T* 350 ) , FINI 110

I  JSTOP! 350)  ,1DX0UT« IVQUT - FINI 120
COMMON /KKKKKK/ESIG2,ETSTCP,ETCTLT,EPER,EPCMP,IEVAVl,IEOX,NENS, FINI 130

2 JENS,EQ,ESPACEI1 0 1 , RR1 FINI 140
COMMON /MMMMMM/IVPRNT«TVI,TV2«IFIFTH*IFOL*SPACE( 1 0 ) , TSPACE( 1 0 ) FINI 150
CONMON/NNNNNN/1TEN, IT ENM, IT END2*NDI1 0 0 , 7 1 , 15SEC,V0<100*7) FINI 160
COMMON /UUUUUU/ NS0N4 100 ) *NSFULL4 1 0 0 1 , NFTf 1 COI ,HTEST, VSTARX FINI 170
COMMON /  l l l l lU  ENTER, QHOURyHMIN*HMOOE* IR* HBAR2, PCMPL Y,PCMP FINI 180

c FINI 190
IF*NENS.GT.i)WRITEI 6 ,4981  JENS,NENS F IN I 200

498 FORM ATI I  H I , ' T H I S  RUN I S  NUMBER* , 1 2 , *  CF AN ENSEMBLE OF*, 1 2 ,*  RUNS* F IN I 210
2 ) F IN I 220

IF (N EN S .E Q .I )  HRITE€6,499) FINI 230
499 FORMAT U H1I FINI 240

WRITE*4 , 5 0 0 )  NCARS.NMILE FINI 250
500 FORMAT*IX ,* THIS RUN I S  MADE WITH*, 1 4 , *  CARS F 0 R * , I 3 ,  • MILES*! FINI 260

WRITE*6« 503) FIN I  ~ 270
503 FORMAT*/IX , •  THE LEAD CAR UNDERGOES REPETITIVE MANEUVERS USING SUBR FINI 280

20UT1NE F 3 * l FINI 290
I F I  ENTER .E Q .  1 I GO TO 505 FINI 300
PARHX-HBAR ♦VSIART+20. FINI 310
PARMT*HBAR*20./VSTART FINI 320
PARMQsVSTART/PARNX*3600* FINI 330
QO=PARMQ F IN I 340
WRI T E I 6 ,50401 ENTER FINI 3 5 0

5040 FORMAT! / / IX,*ENTER=* ,121 F IN I 360
WRITE*6 ,5 0 4 1  PARMX,PARMT,PARMQ FINI 370
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5 0 4

5C5

506

507

508

509 
5091

510

511 

517 

514

EQUAL SPACING OF* * F 6 . 1 ,  
CORRESPONDING TO A FLOW OF*

HBAR2 = 
t AVER AG 

FLOW OF QB

8 0 3

FORMAT! 1X,*C.'RS ENTER THE HIGHWAY AT
2 • FEET (TIME H\aqwAY = ' ,  F 6 . 2 , *  SEC),
3 ,  F 6 . 0 ,  • VEH/HR* )

GO TO 507 v
TB AR2=H BAR2+ 20 . /  v£\T ART 
QBAR2=3600./TBAR2 \
QQ=QBAR2
PARMX2*HBAR2*VSTART«\’ 0 ,
WRITE! 6 ,5 0 6 4  HBAR2, T.>AR2,PARMX2,QBAR2
FORMAT! / / I X ,  *CARS ENT.-.R THE HIGHWAY WIT*) RANOOM SPACINGS «

2 * ,  F 5 . 2 ,  • ) WITH AVERAGE TIME HEADWAY TBAR2 =* ,  F 5 . 2 ,  •
3E SPACING O F * ,  F 6 . 1 ,  • FEET* /  IX,  1 
4AR2 * • ,  F 6 . 0 ,  • VEH/HR* )

IF !  CONTRL .E Q .  1 4 GO TO 509 
WRITE!6 , 5 0 8 )  CONTRL
FORM AT!/ / IX , '  CONTRL = ' , 1 2 , *  THIS RUN IS WITHOUT SIGN CONTRO&* )
GO TO 514
WRITE!6 ,5 0 9 1 1  CONTRL
F0RMATI//1X, 'CONTRL = ' , I 2 , *  THIS RUN IS WITH SIGN CONTROL* i 
IF !  CROUNO .E Q .  0 4 WRITE!6 , 5 1 0 )  CROUND
FORMAT!/IX, *CROUND = • ,  1 2 ,  3X, 'EXACT SIGN SETTINGS USED  NO R

20UNDING'  )
IF !  CROUND .N E .  0 1 WRITE!6 , 5 1 U  CROUND,CROUND
FORMAT!/IX,*CROUND = * , 1 2 , 3 X , ' SIGNS ROUNDED USING ALGORITHM• , 1 2 )  
WRITE!*, 517) SGNC
FORMAT!//IX,*SGNC * •  , F 7 .  1 ,  3 X , • VALUE OF CONSTANT USEO TO COMPUTE 

2SIGN SETTINGS* )
CONTINUE

TAVG = TOTALT /  NCARS 
IOXOUT(I) -  0 
ISUMV ■ IVOUT(I)
ISUMDX = IOXOUT(l)
DC 803 I = 2 ,  NCARS 
ISUMV = ISUMV + IVOUTUA 
ISUMDX = ISUMDX ♦ IDXCUT(I)
IVAVG = ISUMV/ NCARS

F8N1
F IN I
FINI
FINI
F IN I
FINI
FINI
FINI
FIN I
FINI
FIN I
FINI
FINI
F IN I
F IN I
FINI
FINI
FINI
FINI
F IN I
F IN I
F IN I
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FIN I
FIN I
FIN I
FINI
FINI
FINI
FINI

380
390
4 0 0
4 1 0
4 2 0
4 3 0
44 0
450
460
4 7 0
480
4 9 0
500
5 1 0
520
530
540
550
560
570
580
590
600
610
620
6 3 0
6 4 0
6 5 0
660
670
6 8 0
6 9 0
700
710
720
730
740



ZIGS IVAVG
Z1G^Z16 * 3 6 0 0 * / 5 2 8 0 .
IVAVG1=ZIG
IDXAVG = ISUNDX/INCARS-1)
WRITE<6,6111

611 FORMAT <1H 1,65X , 'S TO PP ED ' ,10X , 'S PEED  AT EXIT*« 8X, 'SPACING* 
1 ,7X» 'HDRV'
2 / 6 7 X , 'T I M E ' , 1 2 X , 'F T / S E C  M I /H R ' ,  7X, • EXIT* , 3X, 'ENTER • /  ) 

TSTOPT-O.
DO 804 I = 1«NCARS
CALL STEPHITRAVEL(II * IT 1, I T i l ,  FT1I
JEX I = J E X I T ( I )
TEXIf * FLOAT ( JEX I 1 / 5 .
CALL STEPH HEX IT ,  IT2 » IT 22»FT 21 
JSTO -  JSTO P II)
TSTGP *  FLOATC JSTO ) / 5 .
TSTOPT*TSTCPT*TSTOP
CALL STEPHITSTQP , I T 3 , i T 3 3 , F T 3 4
ZT4 = IVOUTII)
IT4 -  I  FI XI Z T 4 * 3 6 0 0 . / 5 2 8 0 . * . 5  I 
HEADIN = HDRV{I ) *VSTART ♦ 2 0 .

804  WRI TE! 6*607) I • I T i ,  I T 1 1 ,  FTI » IT 2 ,  IT 2 2 ,  FT2, I T 3 ,  I T 3 3 ,  
1 IVOUTm,IT4,IDXOUT<Il ,H EAOIN,H ORV<I)

FT 3,

EXIT = ' , I 3 ,  
* F 7 . 0 ,  F 8 . 2)

6 0 7  FORMAT!' CAR!• ,  1 2 , '  I TCOK', I 3 , 1 H - , U , F 3 . 1 . 8X»• TIME OF 
H H - t I l * F 3 .  1 , 1 3 X , I 3 ? 1 H - , I 1 , F 3 . 1  * 9 X , I 6  , 3 X , I 5  , 5 X , I 6
CALL STEPH!TOTALT.I T 1 ,1 T 1 1 ,F T 1 )
CALL STEPHITAVG,IT2,1T22«FT2J 
I T U  = 10*IT 11 + F T I  
FT2 = 1 0 * 1 T22 ♦ FT2
WRITE(6,602) I T I ,  I T i l ,  1T2, FT2, IVAVG, IVAVG1, IOXAVG, TSTOPT 

602 FCRMATI/ / '  TOTAL TRAVEL TIME = » , I 5 , '  M I N . ' , 1 3 , '  S E C . ' / / '  AVERAGE T 
IRAVEL TIME = » , I 4 , '  M I N . ' , F 5 . l , '  S E C . ' / / '  AVERAGE SPEED AT EXIT = ' ,

FT/SEC = '  * 16 • M I / H R ' / / « AVERAGE SPACING AT EXIT 
, F 6 . 1 , •  SECONDS')

16
TOTAL STOPPED TIME = '

6 0 5

21 6
3 , • FT. * / / •

WRITE16 ,6 0 5 )
FORMAT!1H1,10X, 'ACCELERATION',20X,«STANDARD DEVIATION'/ 1 4 X , 'N O IS E * 

1 / / 1 2 X i * SIGMA* * 2 ' , 2  8X,* SIGMA*79X, • IFT /SE C -SE C )**2 **14X, • I FT/SEC-SEC

F IN I
FINI
FIN I
F IN I
FINI
FI NI
FINI
FINI
FIN!
FINI
FfNI
FINI
FINI
FINI
FI NI
FINI
FIN I
FIN I
FINI
FINI
FINI
FIN I
FINI
FINI
F IN I
FI NI
F INI
FI NI
FIN I
FINI
FINI
FINI
FI NI
FI NI
FINI
FINI
FI NI

750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
86 0 
870 
880 
890 
*900 
910 
920  
9 30 
940 
9 5 0  
960  
970 
9 8 0  
990 

1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100  
1110



606
805

608

906

9C7
610

9C0

2* • »3X,M UNITS OF G) ®/4 
TSTG2 *  0 .
0 0  b?5  I *  2 , NCARS 
JSTO «  J S T O P d l  
TSTOP=FLCAT(JSTO)/5 .
JEX I *  JEXt*"! I I  
TEXIT = FLQAK IEXII /  5 .
SIGMA2 * . 2 / ( T G . ; i T - J F 3 l l > - T S T 0 P |* A T 0 T A L ( I I  
SIGMA = SORT I SIGN.'21 
GS = SIGMA /  3 2 . 1 7 4  
TSIG2 = TSIG2 ♦ SIGMA2 
WRITE(6, 60 6) I*  SIGMA2, SIGHA. GS 
FORMAT! ® CAR' , I 3 « F 1 2 . 3 « F 2 9 . 4 , F 1 4 . 2 )
CONTINUE
AVSIG2 = TSIG2/FLOAT(NCARS-1)
AVSIG = SORT IAVSIG2J 
AVSIGI = A V S I G / 3 2 . 174
WRITEf6 , 6 0 8 )  TSIG2, AVSIG2, AVSIG, AVSIGI
F CPMAT ( /  /* TSIG2 « TOTAL ACC. NCISE ( EXCLUDING CAR I )  = ® , F 8 . 3 ,

IT /SEC-SEC) * * 2 ® / /  ® AVSIG2 = I S I G 2 / ( NCARS-1) -  AVER. ACC. NOISE = • ,  
2 F 7 . 3 »0 ( FT/SEC-SEC) * * 2 ® / / '  AVSIG = SQRT(AVSIC2) * STANDARD DEVIATI 
30N OF ACC. NOISE = ® , F 6 . 3 , S FT/SEC-SEC = « , F 5 . 3 , «  G*»

WRITE! 6 , 9 0 6 )
FQRHATI1H1,*AVERAGE SPACING FCR EVERY TENTH VEHICLE®//)
IND = NCARS/10
DO 610 JSP = 1 ,1  NO
SPACE!JSP) = S PACE(JSPJ/TSPACEIJSP)
JCAR ■» JSP*10
W RITEI6 ,907) JCAR,SPACE!JSP)
F 0RMATI3X,® CAR® ,  14 ,3X ,  c AV. S PACING =• , F 7 .  2, ® FT.®)
ESPACE(JSP) = ESPACE( JSP) «• SPACEIJSPJ 
IF! CONTRL .EQ .  0 ) GO TO 704 

W RITE(6,900)
FORMAT! 1H1,23X.  ‘ DUTY CYCLE FOR ADVISORY SIG N S */ /2X ,  ®DUTV CYCLE 

2 -  100 * (TIME SIGN K IS 
3 17X, ®NUMBER OF 5 SEC.

I F

ON) /  (TIME SECTION 
INTERVALS* /

K IS  NON-EMPTY)* / / /

4 10X, * SIGN® »6X» SIGN*, 8Xf • SECTION IS ® ,  5X.'DUTY CYCLE SIGN®/

FINI
FINI
FINI
FINI
FINI
FINI
F IN I
FINI
FIN I
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
F IN I
FINI
FIN I
FINI
FINI
FIN I
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480



700
901

902

903

904

905

704

C PERCENT) NUMBER*//)5 9X,'NUMBER IS  ON NON-EMPTY
INN 1=0 
INN2 *0
0 0  700 1 = 1 ,1  TEN
1 N1 = NSON(I)
IN2= NSFULLII)
PER* FLOAT ( I  Nil/FLOAT <IN2) * 1 0 0 .
INN1=INN 1 * INI 
INN2=INN2+IN2
M R IT E I6 ,901 )  I ,  I N I ,  IN 2 ,  PER, I
FORMAT€ 11X, 1 3 ,  6X, 1 3 ,  11X, 1 3 ,  10X, F 6 . 1 ,  7X, 13 )
PER=FLOAT<INN1)/FLOAT(INN2)*100.
WRITE!6 , 9 0 2 )  PER
F O R M AT!/ / / IX , ' (S IG N -C N  TIME) /  « SECTION NON-EMPTY TIME) * ICO = « ,

2 F 6 . 1 ,  « (PERCENT) • 1 
WRI TE! 6 , 9 0 3 )
F0RMATI1H1,40X,'COMPLIANCE FACTORS'/6CX,» FACT0R=1 CAR FOLLOWS SI 

2GN */60X»'FACT0R=0 CAR IGNORES S IG N ' / / IX ,5E «C A R  NO. FACTOR«,7X)
3 / / )

WRITE! 6 , 9 0 4 )  ! I,COMPLY!II , 1 = 2 ,  NCARS)
FORM AT ( <3X, 5 1 1 3 ,  7X ,  I I ,  12X ! i t  
WRI T E (6 ,9 0 5 )  PCMPLY,PCMP 
FORMAT( / / / I X , c PCMPLY = ' , F 5 . 3 , '  DESIRED FRACTION OF COMPLYING CAR

2 S ' /  IX, 'PCMP = « , F 5 . 3 , «
) RETURN 
AVSIG2 
♦ TST OPT 

TCTALT

ACTLAL FRACTION OF COMPLYING CARS')
IF ( NENS .EQ .  1 
ESIG2 * ESIG2 +
ETSTCP * ETSTCP 
ETOTLT = ETOTLT 
EQ = EQ t  QQ
IEVAV1 IEVAV1 ♦ IVAVG1 
EPER * EPER + PE*
EPCMP = EPCMP ♦ PCMP 
IEOX = IEOX + IOXAVG 
I  FI JENS .L T .  NENS ) RETURN

COMPUTE ENSEMBLE AVERAGES 
FNENS = FLOAT (NENSi 
ESIG2 = ESIG2/FNENS

FIN* 
FINI  
FINI 
FINI 
FINI 
FINI 
FINI 
F IN I 
FIN I  
FINI 
FINI 
FINI 
FINI 
FINI 
FINI  
FINI 
F IN I  
FIN I  
FINI 
FINI 
FINI  
FINI  
FINI 
FINI  
FINI 
FINI 
FINI 
FINI 
FINI 
FINI 
FINI  
FINI 
FINI 
FINI 
FINI 
FINI 
FIN I

1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
162 0 
1630 
1640 
1650 
1660 
1670  
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850
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c
699

707

706
7C5

7C1
C

702

7C3

ETSTOP = ETSTQP/FNENS 
ETCT4.T = ETGT4.T/FNENS 
EQ ® EQ/FNENS
IEVAV1 ® FLOATIIEVAVU/FNENS ♦ 0 . 5
EPER = EPER/FNENS
EPCMP ® EPCMP/fNENS
IEOX ® FLOAT!IEOXI/FNENS ♦ 0 . 5

MR! TE HEADING DESCRIBING ENSEMBLE OF RUNS 
WRI TE( 6*6 991 NEN S,N CARS ,NMILE, ENTE R,EC,CONTRL
FORMAT!IHl»20X9*ENSEMBLE STATISTICS FOR' ,  12,* RUNS*//

1X,*NCARS=*,1 4  /  • NMILE—* , 1 3  /
LEAD CAR* /  « ENTER=*, 
/  « CONTRL®*,12 I

2
3 • USED FOR
4 « Q = * , F 6 . 0  

WRI T E ! 6 , 7071 
FORMAT!//* AV.
00 705 I = 1 , IND 
JCAR = 1*10
E SPACE!II ® ESPACE! D/FNENS 
WRI TE ( 6 ,  706) JCAR, ESP ACE! I )

SUBROUTINE 
12 /

F3'

SPACING FOR EVERY TENTH CAR* )

14, AV. SPACING = • , F 7 . 2 I

SGNC

FORMAT! 5X ,*CAR*
CONTINUE
IF ! CONTRL. EQ. I )  MRITE!6,701J  
FORMAT ( / I X ,*  SGNC®* , F6 .0  I

WRITE ENSEMBLE AVERAGES 
NR IT E!6 , 7 0 2 )  ESJG2,ETSTCP, ETOTLT, IEVAVI, IEDX
FORMAT«///10X» ‘ ENSEMBLE AVERAGES* / / IX,»SIGMA SQUARED® * , F 6 .  3 / /  

2 IX ,*  TOTAL STOPPED TIME = « , F 6 . i , «  S E C . * / /
IX ,  * TOTAL TRAVEL TIME * • , F 7 • 

EXIT =* ,  I 4,
3
4 IX ,*  AV. SPEED AT
5 IX,  * AV. SPACING 

IF !  CONTRL .EQ .  0 I RETURN 
WRITE!6,703)  EPER, EPCMP 
FCRMATI1X,* SIGN OUTY CYCLE®* , F 5 .  1,

2 IX,'COMPLIANCE FACTOR®* , P 6 . 3 ) 
RETURN 
END

I , '  S E C . * / /  
« MI/HR* / /

PER-CENT* / /

FINI
F IN I
FINI
FINI
FINI
F IN I
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FIN I
FINI
FINI
FIN I
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FINI
FIN I
FINI
FINI
FINI
FINI

I8 6 0
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2 1 2 0
2130
2140
2150
2160
2170
2180
2190
2200
2210
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