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A GAP ACCEPTANCE

Gourlay, S.M., "Merging Traffic CharacteristicS'ApPlied to Accel-
© eration Lane Des1gn, '"A Thesis submltted to the Bureau of
nghway Trafﬁc, Yale Umversny, 1946 :

The problem 1nvest1gated in thls study 1nv01ved the collectlon of
data on'merging characteristics of traffic. By comparing driver: habits
under free conditions with those at places where the merging was con-
trolled by a stop-sign, it was hoped that a new warrant for accelera- .
“tion lanes would be found. While the data obtamed are significant in -
this respect, a great deal of further research is indicated before all
the factors involved can be analyzed. This study should be considered
to be a p110t 1nvest1gat10n, testing the method and 1nd1cat1ng the usefuls-
ness of continued research. - :

Strickland, R.I., "A Study of Merging Vehicular Traffic Movements, "
" A Thesis subrrntted to the Bureau of nghway Trafflc, Yale Uni-
versﬂ:y, 1947 '

Increasing use is being made of highway facilities allowing con-
tinuous flow of intersecting traffic streams Instead of apportioning
right-of-way between intersecting traffic streams by use of traffic
signals or other control devices, all streams are allowed continuous:
movement by means of intersection des1gns employing traffic rotaries
- and grade separations with interchange ramps. These facilities change
directly intersecting traffic movements into merglng and acute angle
crossing maneuvers. ' o

At present httle factual data. are avaﬂable concerning mergmg
traffi¢c maneuvers and such data are essent1al in properly de31gn1ng
continuous-flow traffic facilities. e : :

Greenshlelds, B.D. Scha.p1ro, D., Erlcksen, E L., Trafflc Per~
formance at Urban Street Intersectlons, Yale Un1vers1ty, New
Haven, Conn s 1947 ‘ : :

The intersection of streets at grade in urban areas is a primary
location of traffic accidents and source of congestion. One-half of all
urban traffic accidents and more than three-fourths of all delays ex--
perienced in dense urban areas are related to'intersections. In order
to cope successfully with these: problems the traffic engmeer should
fully understand the phenomena of merging, crossing and d1verg1ng
vehicular movements which make: up the 1ntersect1ona.1 traffic stream.
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It is essential, therefore, to analyze the time-space relationships
which occur between the various units in the traffic stream; upon these :
kinships must rest the solution to the problems of intersection operation. -
The study involves’ a .pr_eliminary exp_loration into fundamental re-
lationships which exist between traffic units. Acceleration and decel-
eration characteristics are considered as are methods of applying the
‘knowledge to traffic behavior at non-controlled intersections. . The
applicability of the Poisson Theory to vehicular traffic patterns is
demonstrated. :

4. Raff, M. S. s and Hart, J.W., A Volume Warrant for Urban Stop Signs, 't
Saugatuck, Conn., The Eno Foundation for H1ghway 'I‘rafflc Con-
trol 1950. SR - ‘ .

5. Tanner, J.C. "’I‘he Delay to Pedestnans Crossmg a. Road " Blomet-
rika, 38: 3 and 4, Dec. 1951. : :

_ Delay to pedestrlans waiting to cross a road depends upon the
availability of a sufficient gap in the traffic. If reasonable assumptmns '
are made concerning his behavmr and that of the traffic, the expected
may be quantified.. : : ; ‘

If the traffic arrivals follow the Poisson distribution and pedes-
trians arrive at the crossing point at some rate per given time (ran-: »
domly and independent of vehicular passages), a mathematical solution '
for delay is possible. This relationship is based upon some gap, T,
which could be considered '"'sufficient' for crossing and can account for
individual pedestrians or the frequent groups of two or more pedestri-
ans, '

6. Mayne, A.J., ""Some Further Results in the Theory of Pedestrians and
Road Traffic,' Biometrika, Vol. 41, 1954,

. Tanner (1951) has considered several statistical problems about the

~ passage of pedestrians across a road, on the assumption that vehicles
and pedestrians arrive at random, Here, his}rnaini results are gener- "~
alized to the case where the time intervals between successive arrivals -
have a given distribution, any two such intervals being independently '
distributed. Tanner's results follow for the special case when the
interval distributions are negative exponentlal which occurs when there
is a random flow of traffic. The size of groups of pedestrians on an
island between two lanes of traffic is also considered. The effect of
the presence of islands on pedestrian delay is discussed, and it is
shown that, under certain conditions, the 'efficiency' in two specially
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defmed Senses can be mult1pl1ed by at least £, by the 1ntroduct1on of
Ar- 1) 1slands sultably spaced in the middle of the road. Fmally, the

results are given of a further exammatmn of some empirical traffic

.v_‘-data, Whlch supplements the work of Adams (1936 1948)

. B1ssell H H ) "Traff1c Gap Acceptance from a Stop Slgﬁ, " Graduate

Research Report (unpubhshed), Institute of TranSportatlon and
Trafflc Englneermg, Un1vers1ty of Callforma, Berkeley, 1960

Little', J.D.C., ”Approximate E‘xpe‘cted Delays fbr Seve'ral ‘Maneuvers »
. by a Dr1ver in P01sson Trafflc, " Operatlons Research 9 1, .Tan -
Feb _ 1961 - o '

Models are given for calculating the expected delay to a driver in
making several maneuvers at or near a traffic llght These include
going stra1ght through turmng left, and various entrances and exits

. from the traffic stream. Trafflc approachmg the intersection is as-

10.

-sumed to be Poisson, Approx1mat10ns are used that apply at medmm
..andl_v low traff1c,‘f.lows‘ C

Herman, R. and Weiss, G., ”Comments on the H1ghway Crossmg Prob-
lem " Operatlons Research 9:6, Nov -Dec 1961 ‘

A dlscussmn is gwen of the gap acceptance problem confrontmg a
driver at a stop sign- who is attempting to cross a single lane of traffic.
This problem is d1scussed in the light of a gap acceptance probablhty
that is taken in the form: a(t)=0 when t<T and l-a(t)=exp -A (t- T) when
t>T, rather than a step functwn as has been consu:lered in the past.
Some experimental information is discussed concerning the values of
the parameters and T in such situations. This information coupled with

‘theoretical conS1derat1ons allows one to estimate quant1t1es such as A
mean delay time, probab111ty of zero delay, and. h1ghway transparency.

Comments are made concerning the 1nﬂuence of car performance on.

) road crossmg and on entermg hlghways

WGISS, ' G and Maradudm, A, ”Some Problems in Traff1c Delay,
Operatmns Research 10 pos -Jan-Feb. | , 1962.

The problerns that are cons1dered here concern the delay to a
single car waiting ata stop sign for a suf:f1c1ently large gap in the on-

- coming traffic to present itself so that the driver considers it safe to

cross the highway. The systematic ‘application of renewal theory tech-
niques offers a method of solving these problems, which is much
simpler than the combinatorial solutions published by TANNER and
MATYNE in the treatment of somewhat s1mp1er versions. It is assumed
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that successive gaps in the main h1ghway trafflc are uncorrelated ran-
dom var1ab1es with known probability density. They treat the prob—-
ability of crossing the highway as a known function; a(t), rather than
a step function. It is shown that the distribution of delay 1:1mes satis-
fies a convolution integral equation, and ‘that the moments are easily

- found using Laplace transforms. Integral equat1ons are also found for

the delay distribution when the gap d1str1but1on is non-statlonary, e.g.,.

when traffic light effects are 1mportant Fmally the case of semi-

Markov correlated gaps are considered, and a formal express1on for

' the delay distribution is given.

11.

12.

Blunden, Ww. R., C.M. CllSSOld R B. F1sher, "D1str1but10n of Ac-
ceptance Gaps for Crossmgs and Turning Maneuvers, ' Australian
Road Re,search Board Proceedlngs, Vol. 1 1962

This paper descrlbes studies that have been made on the distribu-
tions of the gaps requ1red by drivers to turn into and. cross a free-
ﬂowmg traffic stream. Attention has been’ focused on the driver-vehicle
parameter and the type of maneuver, and it was sought where possible,
to regard the other variables as boundary conditions. However, the
fact that field measurements were carried out ata number of different
locations at different t1mes perm1t1:ed some spot ‘¢checks to be made on

‘the effect of énvironmental parameters (flow in main stream, speed of
“entering vehlcles, commercial vehicle percentage) on the gap distribu-

tion. A theoret1ca1 dlstrlbutwn has been fitted to the experlmental

~data for left-turn merging maneuvers and a formula for the delay re-
sultmg from the distribution of gaps has been developed and compared

with measured delays

' Ma_]or, N. G. and Buckley, D.J., "Entry“ to a Trafflc Stream, " Austra-

l1an Road Research Board Proceedlngs, Vol L 1962

An 1nvest1gat10n has been made into the process of trafflc enterlng

" a passing traffic stream under certain conditions in order to assess the .

relative merits of single and multlple entry points. Expressmns for the
mean delay to entering vehicles have been obtained and are found to
agree well with field data. These expressions, together with certain
earlier expressions for absorptmn rates, have been extended to more
than one entry point and certain conclusions reached. The effect of
entering traffic upon the character1st1cs of a traffic stream have been
investigated, and procedures and cond1t10ns relevant to the appl1cat10n
of the results are outlmed




13,

14,

15.

,Tanner, J.C., "A Theoret1cal Analys1s of Delays at an Uncontrolled

Intersectlon," Blometrica, 49 1 and 2, 1962

The' problem dealt Wlth is delay to minor stream trafflc at uncon-

~ trolled 1ntersect1ons where ‘major, street trafflc has the right of way. .
It was assumed that maJor stream arr1vals were, random and no closer
»than some tlme, in the mathematmal development L1kew1se, _minor

stream trafflc is'random and will not enter (pass through) the major

,hstream in 1ntervals less than some duratlon of time. The third assump-
" tion is that there is some minimum time followrng the passing of a

major stream vehicle. before the minor stream vehlcle will execute C
his maneuver. ' L :

A model was derlved for the average delay to minor stream traf.-
fic when the system is in static equ111br1um The results are com-
pared W1th expected delays at s1gnals ' DR c

Halght F A 5 EaF Blsbee, and C Wo;clu, “Sorne Mathematlcal
Aspects of the Problem of Mergmg, " H1ghway Research Board
Bullet1n No 356 1962 A :

Th1s pubhcatlon does not c1a1m a complete mathematlcal model

~ for mergmg, but it pomts out some of the problems in the formulation

of such a model ‘and solves a feW of them From the purely mathe-
mat1ca1 point of view, the ‘merging problem has some interest beyond

~ the simple question of waiting for a suitable gap in trafflc. It might

be supposed, for example, that a car traveling along an acceleration
lane while waiting for the opportumty to merge is mathematmally equi-

valent to a car wa1t1ng at a stop sign, or that the d1fference resides

only in the moving coordinate. system. However,. the driver on the
acceleration lane is able to control the traffic stream with which he
wishes to merge by changing his own speed, thereby increasing or de-

} crea31ng his headway and spacing relat1ve to the main stream The

stop 51gn problem does not contain this 1mportant 1ngred1ent and ,
therefore questions of dr1v1ng policy do not arise. There is only one

‘possible policy at a stop- sign: wait for a sultable gap. Therefore, a

mathematloal model for a stop sign is purely descrlptwe, and its
pr1nc1pal result cons1sts of a probabrhty dlstrlbutmn for delay.

Evans, D.H., Herman, R. and Weiss, G.H., "The nghway Mergmg
- and Queuemg Problem, " Operations Research 12 6, Nov. -Dec.
1964. ' '

'I’h1s paper presents a study of several aspects of the theory of car -

‘ queues In it is cons1dered a situation in Wh1ch there 1s traffic on a
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16..

17.

main h1ghway and a queue of cars on a side road waltmg to merge The
first consuleratwns is the case in which’ the 1ead driver chooses to =
merge on the basis of whether the gap in the main stream exceeds a
service time that is chosen from a probability density. An expression
for the generating functlon of the steady~state distribution and the wait-

~“time distribution are derived. Secondly, ‘the critical input to the 51de
‘road is determmed such that for all larger inputs the queue is trans1ent. :
" In partlcular con31derat10n is glven to the effect of the move-up time

- 6f the second car in the queue on this parameter Fmally, results are _‘

obtained by S1mulat1on for the analysis of trafflc queuemg(models then:
compared with theoretmal results o : L

Jewell, W S, s ”Forced Mergmg in. Traffm, " Operatlons Research
12 6, Nov.-Dec , 1964 :

A veh1c1e Wa1t1ng at an intersection Wlth a maJor road makes a
merging maneuver into the mainstream trafflc, thus possibly requir-
ing oncoming traffic to slow down. This report examines the resulting
disturbance that this forced entry may create in the mainstream,

‘assumed to be a réenewal process. After showing that the disturbance

propagatlon is formally equivalent to the busy period of a related que-
ueing model, explicit results on the length of disturbance period and

'”the number of veh1c1es affected are obtamed for the case of. Poisson
Traffic. It is shown that there is some mlmmal mamstream headway
" which should be forced in order to maxmm,ze the rate at Whlch entries

can be made from the- secondary road. Finally, two measures of ac-

v c1dent potentlal for the merglng maneuver are presented

Solb’erg ‘ahd: Opp'erilander, J.C. "Lag and Gap Accep’cances at Stop-
Controlled Intersectmns, " nghway Research Record No 118,
1965. ‘ -

" The purpose of this research study was to invest1gate the lag. and
gap acceptance for dr1vers entermg and crossmg a major roadway
from a stopped position. This driver-behavior evaluation included a:
determination of a lag and gap acceptance distribution for the side-
street drivers, consideration of community influence on. this distribu-

tion, and comparisons of time- interval acceptances by | drlvers making
_through left-turn, and rlght -turn movements :

_ The study was performed at r1ght angle 1ntersect10ns formed by
two-way, two-lane, urban streets. Four sites; selected in Lafayette
and Indianapolis, Ind. were as possible regardlng geometry and adja-
cent land use. The data were collected at these sites by means of a
motion picture camera, The techmqu_e of p;'ob1t analysm was employed

6 .




- in the stat1st1ca1 treatment of the observatlons In add1t1on, tvvo other
methods, one developed by Raff-and the other by B1sse11 were con-
sidered in this evaluation of driver behavmr at’ stop-controlled 1nter-
,sectlons

The acceptance dlstrlbutlons were well descmbed by a 11near re- o
1at10nsh1p bétween the problt of acceptance and the" logarlthm of ac- -
ceptance time., There were no 51gn1f1cant dlfference between the med1an
lag-acceptance and -the median gap acceptance times at the four inter- =
‘sections. However,: significant variations: were: found between rlght- :
and left-turning drivers and between dr1vers proceedmg through the
“intersection and those makmg left turns. Right- -turning drivers and’

~ those crossing the intersection had statistically equal median accep-..
" tance times. Comrnumty size apparently has some. 1nf1uence on driver -
‘_ performance at intérsection approaches controlled by stop signs. A
general agreement ex1sted among the three methods of analysls mvest1— o
gated ' : : o

18.  Wagner, A., Jr , "An Evaluation of Fundamental Driver. Dec1s1ons and :
Reactions at an Intersectwn, '_' H1ghway Research Record No 118,.
1965. , K

" This paper reports the f1e1d measurement and analys1s of funda-
mental driver decision and reaction parameters at a stop-51gned inter-
sectmn The followmg research ob;ectlves were pursued

1. A deta11ed exammatlon to determme and ver1fy the character— ‘
© istics of lag and gap acceptance of drivers waiting at a stop sign. -
2. Evaluation of the influence of the’ followmg traffic factors on
driver dec131ons (a) vehicle type, (b) pressure of traffic demand '
(c) direction of movements through the 1ntersect1on, (d) sequence of
gap formation, and (&) conditions on the opposing side street approach.
3. Determination of the characteristics of startmg delay time in
' .acceptmg lags’ and gaps, and evaluation of the mfluence of certam
“trafflc factors on these dlstributmns S

‘The results strongly supported earher flndmgs Whlch 1nd1cated
the relationship between lag or gap size and percent acceptance is log—
“normal. Of the traffic factors studied, those which s1gn1f1cant1y in-
fluenced driver demsmns were (a) pressure of traffic demand, (b) d1-‘ :
rection of traffic movement dur1ng perlods of heavy demand and (c)
sequence of gap forrnatmn durlng perlods of heavy demand

Def1n1t10ns of startlng delay t1me in acceptmg lags and gaps were.
set forth. Analysis of field" observatlons of this parameter 1nd1cated
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19.

20,

21.

_that factors which had important mfluence on dr1ver dec1swns, namely,
‘pressure of traffic demand and sequence. of gap formation, had similar

and s1gn1f1cant effects on startmg delay times.,
Drew,‘ D.R., ”Gap Acceptance Characteristics for Ramp’-FreeWay
| Survelllance and Control, " Presented at the Annual Meeting of the
H1ghway Research Board, Washmgton » D, C. " J'an. 1966

An 1nvest1gat1on was made to determme gap acceptance charac-

. terlstlcs and merging delay character1st1cs for six inbound entrance

ramps on the Gulf Freeway in Houston. A 20- pen graphic recorder

,operated by four men stationed. ad_]acent to the merging area between

the freeway and the frontage road was.used i in- collectmg the. data

Mergmg vehmles were d1v1ded 1nto two groups--those in' wh1ch the
driver re_]ected gaps before finally acceptmg a gap and those in which
the driver of a ramp vehicle accepted the first gap: - The former was
referred to as ''stopped'' vehicles and the latter "moving ‘vehicles. " -
The critical gap for stopped vehicles was found to be about 20 percent
h1gher than for moving vehicles. In addition, it was concluded that

‘the critical gap (median) for the merging maneuver from an entrance =

ramp is independent of the freeway volume but is apparently affected

,_by ramp geometrlcs and ramp. controls

A dlstnbutmn of cr1t1ca1 gaps was formed and fltted to a gamma
distribution. Mergmg delay values calculated: using this distribution
were shown to be higher than those calculated assuming that all drwers
have the same fixed critical gap. The calculated values were also com—
pared to observed mergmg delays S

Welss, G H "The Intersectmn Dela.y Problem Wlth Correlated Gap
Acceptance, " Qperatmns Research 14: 4,‘Ju1y Aug.; 1966.

Thls paper cons1ders a modification of the s1ngle car intersection
delay problem in which the waiting driver,. upon finding a ‘suitable gap
for crossing also examines the succeeding one, and uses it if it is

larger. It is shown that the additional delay time caused by this method
of gap acceptance is generally qu1te small. o

Desros1ers, R. D., ”Gap Ut1l1zat1on - A Warrant forv Traffu: Slgnal
" Control ”_ Traffic Engmeermg, Vol.-37:3, Dec, »1966

A hlghway trafﬁc szgnal is a means of allocatmg time and space
to conflicting movements at intersections. A logical approach to war-

rant s1gna11zat10n is gap. ut111zat10n, or the probablllty of a gap on a

8
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major stream bemg greater than the ”crltlcal” gap of a minor stream
, - .vehicle.  The hypothesis is that the number of minor stream vehicles
s that can be accommodated by the main stream is based on gap utiliza-
tion. If this number exceeds the demand of the minor stream, no sig-
nalization is required. The theory can’ account for any number of ma-'-i
neuvers and is appl1cab1e to any unmgnallzed 1ntersect10n

22, Drevv, D.R., LaMotte, L. R., Buhr, J H. and Wattleworth J A
- ""Gap ‘Acceptancé in the Freeway Mergmg Process,'" Texas Trans-—
' portatwn Inst1tute Research Report 430 2, College Statlon, Texas, '

Dec 1966 L o .

" The theoretlcal development of models and useful parameters for
describing the mergmg process’ 1nclude (1) the derlvatwn of the forms
of the mean and variance of the delay to’ a ramp vehicle in p031t1on to-
merge and (2) the treatment of the variability of critical gaps and gap
acceptance among drivers through the. 1dent1f1cat10n of the representa-
tive forms for both critical gap dlstrlbutwns and gap acceptance func- '
tlons ‘ : .

Through the appllcatmn of "1nd1v1dua1 record problt analysw Y

~ simple, statlstlcally s1gn1f1cant relations’ betWeen the percent gap

V acceptance and gap size is established. Usmg this approach the

' charactemstlcs of lags and gaps and singlé and multiple entry merges
are compared as well as fast to slow, movmg merging vehicles. The
problt analyses are generahzed to estabhsh a relatlonshlp between
percent acceptance as the ‘dependent varlable and gap size and vehlcu-
lar speed as the dependent variables,

Data were . collected at 32 entrance ramps across the United States,
'selected to reflect diverse operatmg, geometric, - geographic and en-
vironmental conditions. Enough data was collected to run 1344 usable
'gap acceptance regressmns




' B. TRAFFIC QUEUEING THEORY

Tanner, J. C : "A Problem of Interference Between Two Queues
B1ometr1ka, Vol. 40, June, 1953 -

This pa.per is concerned with the delays that occur When two op-
posing streams of vehicles are trying to pass along'a length of road only
wide enough for one vehicle at a time. The problem is treated theo-
retically. It is noted that the mathematlcal difficulties were found to
be very great, and the problem as first formulated has not been com- -
pletely solved. The results obtained have applications to several other
road traffic problems, such as delays ‘to pedestrians crossing a road,
delays to vehicles at uncontrolled mtersectmns, and delays to inter-
 secting streams of . pedestrlans =

Doig, A., “A B1b11ography on the Theory of Queues " B1ometr1ka, 44
Dec » 1957. e

This b1b110graphy lists papers on those aspects of the theory of
probability which may be grouped together under the headmg of the
study of queues. References are given both to purely theoretical work
and to the practical applications of the sub_]ect, 1nc1ud1ng its apphca- :
tion to the study of trafﬁc : L ‘

Newell G.F., "The Flow of H1ghway Traffic Through a Sequence of -
Synchromzed Traffic Signals. Operatmns Research Vol 8, -
No. 3, May-June, 1960 ’ I :

Newell, G.F. ”Queues for a leed Cycle Trafflc L1ght " Annals of
Ma’chema.tmal Statist. Vol. 31, No. 3 Sept 1960 -

The steady-state behavior of an automoblle queue, w1th P01s son
arrivals and with a cyclic red-green traffic light, is calculated.
Analytic expressions for the average queue length and the average de-
lay are obtained. The results are compared Wlth those of earller work
on the same subJect

Little, J.D.C., "Approximate Expected Dela‘.ys'fo'r Several Meneuvers
by Driver in Poisson Traffic. " Operatlons Research Vol. 9, No.
1 Jan -Feb. 1961.

Models for calcula'ting expected delay »to a driver in making sev-
eral maneuvers at or near traffic light, which include going straight
through, turning left, and various entrances and exits from traffic
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‘stream; traffic approachmg 1ntersect10n is assumed to be Porsson

type; approx1matmns are ‘used that apply at ‘medium and low traffic

flows

. Herman, R., Weiss, G., ”Cornments on the H1ghway Crossmg Prob_

’ lem "'Operatrons Research Vol 9, No 6 1961

The cr0351ng problem in® questlon is to calculate the Wa1t1ng time

-before a suffrcrently large gap appears in a traffic stream for a pedes- :
) -tr1an or driver to cross the Stream. ‘Previous stud1es have dealt w1th
the case: Where one.waits for a gap of length T or. more The present .

study consrders the more general case in which there is a probab1l1ty B
a(t) that one accepts a'gap of length t.- Experlmental data relatmg to
the form of aft).are presented also’ calculatlons and graphs When a
a{t)=0 for t<T and 1- oc(t) is exponentlal for t>T

. Weiss, G.. H., and Maradudm, A A "Some Problems in Trafflc

Delay. ! Operatmns Research, Vol 10, No.' l Jan Feb 19.6.2

' The problems that are consuiered here concern the delay to a smgle

- car Wa1t1ng at'a stop sign for a sufflctently large gap in the oncoming ..

traffic to present itself so that the driver considers it safe to cross the

“highway. " The systemat1c application of ‘renewal theory techmques

offers a method of solving these probléms. It is ‘much s1mpler than the
combinatorial solutions published by Tanner and Mayne in the treat-
ment of somewhat simplér versions, “It is ‘assumed that successive

~ gapsin the main h1ghwa.y traffic are uncorrelated random variables
" with known probability deénsity. - " We treat- the case that the probability

of ¢rossing the highway is a’ known function, a(t), rather: than a step

function. It is shown that the distribution of delay times satisfies a |

convolution integral equatmn, ‘and that the moments are easily found
using Laplace transforms. Integral equations are also found for the

_delay distribution when the gap distribution is non- statlonary, e.g.

when traffic light effects are important.’ Finally the case of semi-
Markov correlated gaps are consulered, and a formal expresswn for

' -the delay d15tr1but1on is glven '

. Dorfw1rth J. R. , "Delay and Queuemg of Motor’ Vehlcles at Uncon-

“trolled- Intersectmns ' Neue: Folge, Heft 43 Bad Godesberg, »
(In German), 1961 '

The theory of stochastlc processes is applied to the problem of
calculatmg the" capac1ty of uncontrolled road 1ntersect1ons and the t1me

“lost in queues
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- 9. Miller, A.J., "A Queuemg Model for. Road Trafflc Flow " Journal
: Royal Stat1stlca1 Soc1ety Serles B Vol 23, No. 1, 1961

Author's summary "It is. proposed that on roads. wh1ch are un-
~ interrupted by traffic signals, 1ntersect10ns, etc., vehicles should be-
considered as travelling in random queues. Cr1ter1a for determining
the queues in actual traffic are found. A crude model is then used to
study the formation of these queues in an attempt to derlve the Borel--
Tanner distribution of queue lengths The random. queues ‘model is
then used to study wa1t1ng t1mes for pedestnans (or veh1c1es) mshmg
to cross one lane. of traffic,' : : 3 :

10... Hammersley, J. M. "The Mathematmal Analys1s of Trafﬁc Congestwn "
(French Summary) Bulletm of the Instw.tute of Interna.tmnal Statis--
tics 39, llvralson4 1962. ERTE o

11. 'Blunden, W. R., ""On the Theory of . Trafflc Flow. " Pr0ceedings of the v
: Australian Road Research Board Vol Pt 1 1962 E

A generahzed concept. of non—programmed tra,fﬁc flow based ona R ’3’5
queueing model is described. The interaction between the input toa =~ '
‘traffic facility (i. e., demand for service, volume) and its inherent S u

 flow capab111ty (i. e., saturation ﬂow rate or capacmy) gives rise to -
delay--the principal measure of performance of the fac1l1ty ‘The
saturation flow rate is derived from the dlstrlbutlon of service times
arising from multi-variant population of drwers, vehicles and/or
traffic facilities. Data are given on saturation flow rates to toll gates,
bus stops, intersections, retailing channels and air strips. Discussion
is included on the stability of traffic flow,. its operating efficiency

“under varying traffic loads and the pr1nc1p1es underlylng the a.naly51s

~ and synthesw of flow in traffic networks

12, Kingman, J_. F, C. » '"'On Queues in Heavy Tra,ff_ic, " .I,Qurnal Royel Sta-
’ tistical Society Series B, Vol. 24',_ 'No._ 2, '1962.;, '

Queueing theory, which has endured a long perlod in which people
treated one example after another, is finally breaking out of its con-
finement to independent arrivals, service times, etc. The present
paper represents a significant step in that d1rect1on The author con-
siders a smgle -server queue in heavy traffic, i.e., traffic intensity
close to 1, or more properly a small value of a—-E(u)/Var(u), where
u is the difference between the service times and the interarrival times
chosen here to be stationary but not necessarily independeht The ob-
ject is to show that for a ~ 0, the waiting t1mesatyp1ca11y has a limit
d1str1but10n which is exponentla.l with mean 1/2 - This is proved first
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14.

15.

for independent arrivals and serv1ce t1rnes with’ mild restrlctwns on.

their distributions. ‘and then . extended to:a class of mputs for which the '
arrivals differ from a renewal process by (dependent) random variables
dominated by.one with a finite second moment. - The results are shown

. to be applicable to’ tandem queues and scheduled arrivals. Infact, the
' theorems, or rather obvious extensions ‘of them, can be made to apply

to most of the common queueing type problems where one'is sufflclent-
ly close to. the cr1t1ca1 1nten81ty :

Kisi, T., Hiyoshi, K., ,-"Th‘e 'Effect of a Traffic Light on a Poisson :
‘Flow.!" Journal of the Operatzons Research Society of Japan, o
- Vol. 6, 1962—63 ' S S T ~

: ..At a. suff1c1ent1y 1arge dlstance frorn a trafflc hght the d1str1bu- ,
tlon of cars should approach a Poisson distribution. The authors de-
scribe a sunple theory for this a.nd compare it with expemmental re-

- sults.

Passarl, P., "Delays Incurred by Vehlcles Stopped at Trafflc nghts "
International- Road Safety Trafflc Rev1ew, 11 (3); 1963

It is assumed that the time 1ntervals between veh1c1es arrlvmg at’
traffic signals are exponentially distributed and that the departure ,
times. depend linearly on the: position in the queue.. "Formulae are given
for the average delay in relation to.the length of the red period.  The
results can be used to determine the opt1mum setting of flxed phase
11ghts : . SRS

Darroch J N., "On the Trafflc nght Queue " Anna.ls of Mathematl-
cal Stat1st1cs, ‘Vol." 35, No 1 March 1964 R . '

A formal solut1on for the statlonary d1str1but10n of - ‘queue- length at

a flxed cycle trafflc light is found for a fairly general distribution of

arrivals and for a single stream of vehlcles which either all turn left
or else all go straight on or turn right. Some equatlons are derived.
for the expected queue- length and for the expected delay per veh1cle

Queueing Theory Approaches. I—Il,ghway' Research B:oard—Special ,Re_.—
port 79, 1964. : : [

Th1s report presents the results of studies of probablllty models
of traffic delay; characteristics governing arrival of streams- of traf—
fic at a given point and variability of gap acceptance of drivers and
pedestrians attempting to cross-a traffic stream; summaries of ele-
ments of queueing or waiting-line theory, and publications relative
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18.

" wait at the light.

to delays at S1gnal1zed and stop- s1gn controlled mtersectwns, multlple '
queues, parklng and smgle lane bottlenecks 16 references are given.

Evans, D. I—I , and Herman, R ) ,”The H1ghway Mergmg and Queumg
Problem." Operatwns Research, Special TranSportatlon Sc1ence
Issue,v-Vol 12 No. 4, Nov. —Dec 1964 '

A study of several aspects of the theory of car queues is presented
A situation is considered in Wh1ch_ there is traffic on:a main highway
and a queue of cars on'a side road waiting to merge. A case is dis-

cussed in which the lead driver chooses to merge on the basis of whether

the gap in the main highway traffic ‘exceeds a service time chosen from
a probability den81ty An expression for the generating functlon of the
steady-state distribution and the waiting-time distribution is derived.
The critical input to the side road is determined such that for all larger
1nputs the queue is transwnt In particular, the effect of the move- -up
time (of the Second car in a que) on this parameter is: cons1dered Re-
sults are presented of a study by 81mu1at1on techmques for the analysis _

. of traffic queuing models. A discussion of the use of importance -

sampling in improving s1mulat1on studles is g1ven, and theoretlcal
and simulation results are compared. '

‘Kleinecke, D. C ”D1screte T1me Queues ata Periodic Traffic Light o

Operations Research Spec1a1 Transportatwn Smence Issue, Vol
12, No 4, Nov ‘-Dec. 1964 N :

The 'responSe delay’ in clearing the q&eﬁe of ‘aﬁt‘Omobiles' Waiting

at a traffic light can be modeled by allowing one car to leave at the end -
of each of a series of discrete intervals in time. ~The steady-state.

queue formed at a cycle traffic light is discussed for general stationary
arrival processées. A method of solution for the case where arrivals
are Poisson is .described. General formulas are given for the prob-
ability of not clearmg the queue durlng a cycle and for the- expected
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C. ENTRANCE RAMP OPERATION

. Fukutome, Ichiro, Moskow:tz, Karl, V”Trafflc Behav1or and On—Ra.mp

Desmgn, ' H1ghway Research Board Bulletm 235 1960

Three ramp termlnal des1gns were pamted succe551ve1y at one ,
on-ramp location. - Speed and placement of- vehicles were recorded and
movies were: taken durmg each phase.‘ Fmdmgs mclude the followmg

CAILL: three des1gns resulted in: s1m1lar vehlcle paths, because '
es sent1ally they were all” l1bera1 de51gns and traffxc was . able to drlve -

a natural path

2. Somewhat more length was used at low volumes than at hlgh

‘volumes, except durlng the 8«ft offset 50:1 taper phase, where the

. length used was approxumately constant for all volumes

3. The natural pa.th of nearly all. Veh1c1es is contamed w:thm a.

'50:1 taper, and thlS des1gn pr0v1des suff1c1ent acceleratwn d1stance

for.all turnlng speeds

It is concluded that ramp termmal deslgn should be standard1zed

. and a tentative- standard is offered together with supportlng data and

: reasomng
P1nne11 C ‘ ”Drlver R.ec_[ulrements in Freeway Entrance -Ramp Des1gn o
- Texas Transportatmn Instltute, Texas A&M Unwersn:y, December
1960. s .

The material presented is based upon the results of numerous =

freeway ramp studies conducted on freeways in Texas. Most of the.
~data were obtained by motion picture studies.: The studles produced

. much valuable information and resulted in. the development of some new

-concepts of entrance ramp problems and operatlons

Relatmg the des1gn of freeway entrance ramps to traffic behavwr .
as indicated by the requirements and desrres of the driver is a neces- .
sity if maximum efflclency and safety in ramp and freeway operation =
is to be obtained. Entrance ramp. design should provide flat angle '
ramp approach which allgne the driver along an easy and natural path
into the freeway, adequate visibility to allow entrance ramp driver to
judge and accept a freeway gap with a minimum  of effort, and a ‘clear-

 ly marked and delineated entrance ramp which would eliminate any

confusion in dlstlngmshmg between ‘the' entrance ramp elements and -

‘-,15,.:




the main fre‘eway 1-an*esé
A suggested standard desmgn is offered . ‘ | o | 5

3, Keese, C.J. P1nne11 C. McCasland, W R., "A Study of Freeway -
Traffic Operatmn, " nghway Research Board Bulletm 235, 1962, . -~

Th1s paper reports on a research study, the obJectlve of which was v
to correlate freeway operational characteristics with design features.
Data were collected,princ’ipally by the -motion picttire method. '

Research was conducted on: operatwn and capac1ty, freeway
volume control, lane use and placement, entrance ramps, -and weavmg
The results of these various studies 1nd1cate that'the factors having
the greatest effect on freeway operatwn are the de51gn and operation .
of ramps and. 1nterchanges “The volume control, weavmg, and entrance
ramp studies produced some s1gn1f1cant results which are d1scussed in
the report and will contrlbute to the over- all knowledge of freeway
operatwn v : :

4. J‘ouzy, N.C., Michael H. L., "Use and Des1gn of Accelerat1on and De-».i
celeration Lanes in Ind1ana, " nghway Research Record, No. . 9,
1963. . , :

The epeed and lateral placement of vehicles on various designs of
the acceleration and deceleration lanes of the Indiana Toll Road and
_the Interstate System of the State of Indiana were studied. Data on
‘speeds and lateral placement of traffic using the acceleratlon and de-
celeration lanes were obtained by use of a motion picture technique.
Spot speeds of through lane traffic were measured usmg an electro-
: matlc radar speed meter. : ‘

The study revealed that a large number of the driving public do not
- use acceleration and deceleration lanes properly. Acceleration or de-
celeration lane traffic was found to have little effect on the speed of the -
through lanes. The long direct taper type of design was: found superzor
for both acceleration and deceleration lanes

5. 'He_ss, J W ""Capacities and Characterlstlcs of Ramp-+Freeway Con—
nection, " Highway Research Record, No. 27, 1963.

Thrs report presents some of the m1t1a1'f1nd1nge of a nationwide
freeway ramp capacity study, for which data were gathered in 1960 and
1961. The capacities associated with ramp-freeway connections are
described. Before merging capacities can be computed, the freeway
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' lane volume d1str1but10n must be known so that lane 1 (i.'e., the shoulder ‘
lane) volume can be estimated for the g1ven freeway volume. These
percentage distributions for four-, six-, and" eight-lane freeways are
depicted by graphs. As an alternative method in estlrnatmg lane 1

- volume, equations are presented for use when ‘certain upstream and
downstream’ adJacent ramp conditions exist. * These equat1ons make -
“possible an incréase in the accuracy of the lane 1 volume calculatmn
Several of the equations are presented in nomograph form. Two -
formulas determined by regresswn analySes are presented for use 1n
determmmg free ﬂow merge capac1ty at one- lane on- ramps. i

'I-Iess, J. W. y ”Ramp Freeway Termmal Operatlons as Related ‘to Free-
way Lane Volume Distribution and Ad_]acent Ramp Influence, "o
nghway Research Record No. 99, 1965 ‘

This’ report is a contmuatwn of the report ”Capac1t1es and Charac-
teristics of Ramp-Freeway Connéctmns, '"""contained in H1ghway Re-' o
‘'search Record No. 27. It terminates the ana1y31s of the data collected' o
‘ 'durmg the nat1onw1de Freeway Ramp Capac1ty Study ' '

The empha51s in this report is on equatwns for determlmng traffic =
volumes in lane 1, the rlght hand freeway lane, at merging and diverg-
“ing’ sections along the freéway. " The main premise is that if the lane 1
volume can be kept at an acceptable leve," the. {reeway as a whole W111
bé operating at free-flow cond1t1ons ‘The equatmns take into account
freeway volume, ramp volume, and trafflc act1on on adjacent ramps :
which have an effect on the lane volume at the ramp under cons1derat1on-.‘
Seventeen nomographs, derived from the equations, are introduced to
-'prov1de a fast graphrcal solutlo_n to des1gn and 0perat10nal problems.

 Auxiliary lane usage between on-and off- ramps is discussed and a-
method of capacity analysis is illustrated with a sample problem. ‘
Finally, preliminary results are given of on-ramp vehicle, freeway ‘
~ lane usage studles made in Detro1t on the 6- lane Edsel Ford Express—

Way. ’ ‘ T

Worrall, R.D,, Drake, J.S., Buhr, J.H., Soltman, T.J. , Berry, D. s
""Study of Operatmnal Characteristics of Left-Hand Entrance and
- Exit Ramps on Urban Freeways, t nghway Research Record No.

‘The paper essentlally deals with left-hand ex11: ramps for freeways‘
and is divided into three main sections: {(a) a study of the general oper- .
ating characteristics of left-and rlght -hand entrance ramps on urban ‘
‘freeways; (b) an analys1s of trafflc behavror along a 2-mile sect1on of
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urban freeway conta1n1ng two internal diamond. 1nterchanges and (c) a

- comparative study of the reported accident rates at a sample of r1ght- .

and left-hand entrance and exit ramps,

~ Brief descriptions are given of study locatmns and study techmques,
together with a discussion of major results. Conclusions are drawn
concerning the operational efficiency, relatlve safety ‘and general suit~. -
ability of left-hand entrance and exit ramps for-urban freeways under :

‘the type of site cond1t1ons ex1st1ng in the Ch1cago area.

~Worral, R D., Coutts, D.W. Echterhoff Hammerschmrd, ] ;,,,and

‘Berry, D.S., "A Study of Merging Behavior at Freeway Entrance
Ramps” Presented at the H1ghway Research Board Annual Meetmg,
Jan. 1966. - S

A description is given of a study of gap acceptance and merging
behavior at freeway entrance ramps. The phenomenon of merging be-
havior is discussed in general terms, and a conceptual framework for '
the analysis of gap acceptance and rejection at a freeway entrance ramp
is presented. A brief critical review of previous empirical and theo-
retrcal research work in the f1eld is also made.

A series of .em'pirical etndies was conducted'dnring the summer of

1965 at one left-hand and one right-hand entrance ramp in the Chicago

area. Apart from being located on opposite sides of the traveled way,
these two ramps had basically similar design characteristics. Included
are empirical comparisons of alternative analytical: techniques, a con-
sideration of gap acceptance and merging behavior as both a dynamic
and of the static phenomenon, an evaluation of critical gap size and gap
structure, an analysis of the effect of relative merging speed on gap

“acceptance criteria, and a study of multiple vehicle merges. In each

of these analyses, | comparisons are also shown between the ‘results
obta.med at left-hand and right- hand ramps.

A selected b1b11ography of reference materials on entrance ramp
design and merging behavior, and a computenzed analysis technique
developed for handlmg large quantities of emp1r1ca1 data are presented.

Wattleworth, J.A. Buhr, J.H., 'Dr‘ew‘, D. R. R and Gerig, F.A., Jr.,
""Operational Effects of Some Entrance Ramp Geometrics on Free-—
way Merging,'" Texas Transportatlon Instltute Research Report.
430-3, Dec. 1966 ’ ‘

The general ob_]ectlve of thls study was to determlne the effects of
entrance ramp geometrlcs on traff1c opera.tmn 1n the freeway mergmg




10.

proce'ss More spec1f1ca11y the objectlve wa's to study- the effects of ac-

‘celeration lane length, angle of convergence and ramp grade on’ entrancev
- ‘ramp operation. Most of the analyses: presented in- this report concen-_j
' trate on the flrst two of these geometric var1ab1es. : :

S.tudles vwe re ‘conducted at. man_-y; entrance ramps i‘ii' order to include
a fairly wide range of the geometric elements. ~Ramps studied were

located in Houston, Los Angeles, San Francisco, Sacramento, Chlcago,

Detroit, and New York City. - The acceleration lanes of the ramps

studied ranged from 240 to 1500 feet in length and the convergence

angles ranged ffom 1° to 149, Data from 23 of these ‘éntrance ramps
are presented in this report, show1ng the affects of- geometrics on
ramp speeds at varmus p031t10ns and on. sorne aspects of gap acceptance
behavmr ' L : S : . -

Drew, D.R. ; Bu.hr,‘J H. , and Whltson, R H., ”The Determ1nat1on of
Mergmg Capacity and Its Application to Freeway Desigh and Con-
- trol, " Texas Transportation Instltute Research Report 430- 4 '
Feb. 1967." : : ‘ : : :

Th1s paper presents an approach to the determlnatlon of the cap—

‘acity and service volumes in ramp-freeway merging areasbased on the

. critical-gap concept and on the chstmbutmn of gaps in the- freeway

shoulder lane.  The service volumes suggested are developed from
considerations of the ramp junction as a queuemg system. A level of.
service can then be provided such that a ramp. vehicle has a certain

‘probability of fmdmg the mergmg area empty. Another measure of
level of service is the delay suffered by ‘Tamp. vehlcles Th1s aspect

is treated and charts presented for 1ts determmatlon

"The mergmg parameters: involve the crltical gap of the Junctmn

‘This critical gap can be estimated from the geometrics of the ramp- .

freeway junction by a regressmn equatlon, developed through the - study B
of a number of entrance facilities, which relates the .critical gap to-

- the length of acceleration‘lane and the angle of convergence. Relatwn,- '

ships are also presented for estimating the entire gap acceptance '

' character1st1cs from these two geometmc features

"The paper proceeds to discuss the apphcatlon of the deveIOped
mergmg parameters in freeway des1gn and control :




D. FREEWAY TRAFFIC CONTROL

Forbes, T.W., and Gervais, Edward, "Effectiveness of Symbols for
Lane Control. Slgnals, " nghway Research Board Bulletm, 244,
Jan.~ 1959 : o L :

To test the readmess of understandablhty by the ma;onty of

‘motorists of signals for control of individual traffic lanes, ;r_esve_arch ‘
was carried out in two parts. Part 1 was an engineering psychology
approach, which measured the types of meaning most commonly asso-
ciated with six different possible symbols. - A total of 253 graduate ‘
and undergraduate students viewed signal presentations by means of
colored slides showing the signals as if in place on the Mackinac v
Bridge and gave a.total of about 4, 200 rea‘ctions to the "c'ritical' 'signal.

Three: experlments in Part 1 showed a cons1stent advantage for the
"red X" as most oftén assoc;1ated with the desired 1nterpretat10n of
"do not drive in this lane' or ''move into another lane and least often
with the undesired "stop." The standard red bullseye, on the other .
hand, -consistently showed a lesser proportmn of the. desired response
and the largest proportion of ''stop" responses.  The laboratory study,
therefore, confirmed the. hypothesm that for most motorists the ''red
X" possessed advantageous natural assoc1at1ons Wlth the. des1red
‘meanings. e :

Part 2 consisted of checks of actual effects on bridge traffic of
the "red X" and ''green-arrow-up.'' A simple experimental setup"
employed a light wooden barrier and red flag in the righthand lane
beyond the signals. The red X was turned on for this lane during every
"alternate 5-min period. Comparisons of the point at which the weave
was started showed that motorists were respondmg to the red X sxgnal.

Thus, the 'red X' and ''green- arrow- up” not only showed the ad-
vantage of natural association with a desired meaning as shown in the
laboratory, but also produced the des1red motorist reaction in actual
traffic, ' -

Barker, John L., ”Determinationy of Discontinuities in Traffic Flow as

a Factor in- Freeway Operational Control " Traffic Engineering,
Nov. 1961. ,

In the past, considerable study has been rnadeof individual head-
ways and speeds, and their relationship with respect to traffic lane
production and performance. A number of theoretical formulae have
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- been developed to- descrlbe these relat1onsh1ps This is a valid ap—
‘proach; but to produce an operational: control system, a large amount

of analysis of the individual characteristics of each vehicle is ‘required.
Conversely, considerable data has been collected on the gross produc--

tion and performance of vehicle flow; this includes hourly volumes,

daily volumes; speed distribution surveys, and other long term
measurements of past happemngs -These parameters, as such are ‘

?generally too coarse to be used for operat10na1 control

Bushnell, K. and R1chard C. ”The Development of Blankout S1gna1s

for Freeway Traffic Control """ Presented at the Internat1onal -
- Municipal Signal Engmeers Conference Montreal Canada, s
Sept. 1962 ' - R SRR

Wattleworth J A ; ""Peak- Permd Control of a Freeway System -
Some- Theoret1cal Cons:tderatmns. " Doctoral D1ssertat10n, North- i
Western Un1ver31ty, August 1963 el

. "Ramp Meterm Tésted on Congress Street Expresswa 1 Cook
. g g y. " Look

County H1ghways, Vol 11, No 4 Sept 1963

Informat1on gathered in 18 months has Identlfled bottlenecks and
has led to expenmentatwn with traffic control. As a first step, the
project is- testmg the- metermg of vehicles- ‘entering the expressway by
way of ramps. -Red and gréen lights stop and start vehicles at the
ramp entrance, spacing them at intervals suited to the volume of main
lane traffic. The interval may be changed as traffic changes and the
ramp may be closed for- perlods of tlme if the s1tuat10n requlres

In add1t10n to the 11ght signals, advance signs with changeable
panels advise motorists approaching the ramp on First Avenue of

whether the ramp is open'or c¢losed at the moment. When the ramp

is closed, it is presumed that motorists will either go to another ramp

or will leave the’ expressway and use a parallel surface street

The immediate obgectlve of the surveillance project as stated by

- the director, Adolf D. May, Jr., is to "develop, to operate and to

evaluate a pilot' network information and control system to reduce
travel time and to increase traffic flow " :

11 States Join Michigan in First Experiment of Electronic Traffic

Control. " Michigan Contractor and Bullder, Vol. 57, No 32,
Nov 1963.

: Eleye‘n.:'S.tatet:s,f"haL\ke joined Michigan in ‘the operation of the hation's
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first experiment in the electronic control of freeway tr_affi‘cp ‘Compre- a
hensive studies of freeway traffic and driver behavior and their effects
_-on traffic flow which have been undertaken will be. completed and new ‘
- studies w111 be started to eva.luate 1ane, speed and ramp controls.

The study is bemg conducted ona 3. 2- m11e section of the Lodge

Freeway in midtown Detroit. The Lodge Freeway is one of the world's 3

busiest hrghways It carries an average of 160, 000 vehicles per day

on week days and up to 7, 200 veh1c1es per hour in one direction dur- V

1ng rush: hours

The 3, 2 miles of freeway under study are covered by 14 closed-

- circuit television cameras which have wide angle and telescopic lenses.
' They are operated by remote control from a control center where all

data is collected. Traffic volume information is obtained by ultra-.
sonic detecting equipment.. Traffic is ‘controlled by:21 overhead lane
and speed control signals. Remotely controlled signs are on the en-. ‘
trance ramps of the freeway. They allow the control center to close
ramps and prevent overloadmg of the freeway during rush hours.

May, A.D., "Experimentation with Manual and Automatic Ramp Con-
trol ", nghway Research Record 59, Jan. 1964

This paper descrlbes the pla.nnmg, conduct and evaluatlon of a

~series of experiments with freeway ramp control undertaken for the =

purpose of 1mprov1ng network operations,

The development of the control plan mcluded the 1dentif1cat1on of
the critical section, determination of the per1od of time and degree of
control, estimation of the redistribution of traffic, and re-evaluation
of system operations. A comprehe,hsive set of measuremeénts was
obtained for the network, including expressway and major arterials,
for three weeks with freeway .ramp control. The ramp control con-
sisted of partially closing one on-ramp and metering traffic at a-
second on-ramp. The effect on the network of the freeway ramp con--
trol was evaluated on the basis of vehicle-minutes and vehicle-miles
of travel for each link, route, and for the total network. The results

~indicate that travel time on a network baS1s ‘was reduced by freeway

ramp control

‘Gervais, E.F. "Opt1m1zat1on of Freeway Traffic by Ramp Control "

Highway Research Record 59, J'a.n 1964.

This paper descrlbes al- Week exper1ment 1nto entrance ramp
control conducted on the John C. Lodge Freeway in Detrmt Control
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 consisted of completely clos1ng a ra.rnp durmg certain per1ods. The SRR

control equipment and procedure is presented and an a.nalys1s of the
effects of control given. - : cP T e .

D‘rew, Donald RA ”’I‘heoret1cal Approaches to the Study and Control
of Freeway Congestlon '"" Texas Transporta’uon Instltute Re- .
,search, Report_ 24- 1, Jan. 1964 ' oo

’I‘he problems of freeway operatlon and control = are discussed and

it is shown how they can be described by deterministic mathematical

models. By showinga generahzatwn and ' comparison of macroscoplc

- and microscopic models of traffic flow the applicability of these.

deterministic models to freeway traffic is readily seen.

“ The need for a more sensitive indicator of congestion than density,

~led to the formulation of the movmg queues model The' expected

number of vehlcles per movmg queue provides a quant1tat1ve index of

" congestion.” The congéstion index developed offers more than a sub-

jective means of evaluatmg freeway performance An ‘automatic con-
trol system, based on moving queues, would have many advantages

Wattleworth, J. A Berry, D8, “Peak Perlod Control Systems for

Urban Freeways“ Traff1c Englneemng, Vol 34 No 12 “Sept.
1964, S

Rev1ew of special control techmques to: be used in peak perlod

' freeway control system; possible ways in which each might be incor-

porated into final® control system are discussed; freeway system is
considered to include one- dlrectlonal roadway of freeway and its ramp
terminals which carries traffic in peak d1rect10n, system operates
independently from freeway roadways carrying trafflc in opp051te
d1rect1on, two general types of controls are consuiered

) Perchonk K., a.nd Hurst, P. ”The Effect of Lane Closure Slgnals

upon Driver Dec1s1on Maklng and Traffic Flow, ' D1v1s1on of High- _
way Stud1es Instltute for Research State College, Pennsylvama, o
March 1965 A : ‘

, The comparatlve effectlveness of two types of alertlng 31gnals for
lane closure was studied in terms of traffic flow characteristics and
driver decision-making correlates (viz., responsiveness/confusion,

‘risk taking predlsposﬂzion,‘ risk taking, and hazard). In addition to

improvements in terms of several traffic flow characterlstlcs, re-
sults showed the system affording the earlier warning to be superior

in terms of decreased driver confusion and hazard in gap acceptance.
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12'.; ~Drew, D. R., ”Det"erministic Aspects of Freeway Opérations and Con-
trol. " Texas Transportatmn Institute. Research Report 24-4, . :
June, 1965. o , | L - , .

, Existing theories of traffic flow may be classified as either sto-
chastic or. deterministic. The. stochastlc models are based on the
classical subjects of queueing theory, mathemat1ca1 probability and
stochastic (variable) processes. The- determ1n1st1c models of traff1c :
flow are based on writing suitable desc 1pt10ns of the flow of vehicular
‘traffic in the form of differential equations, and then solvmg these -
equatwns for observed boundary conditions. Thls report deals w1th

the deterministic aspects of flow and operatwns

Ut111z1ng the analogy of a one- d1rnenswna1 compress1ble flu1d a .
generahzed macroscopic model of traffic flow is formulated and tested .
against the measured characteristics. The model is stat1stlcally sig- .
nificant and conceptually rea11s1:1c when applied to freeway flow. A
generahzed microscopic model is also formulated, based on the car-

following theories. Solut1on of the macroscopic and mlcroscoplc equa-
tions yields equlvalent equatmns of 'state. : '

A comparison of the congestlon predlctmg attributes of the two
 control parameters--optimum speed and optimum. dens1ty--y1elded
~ close agreement in defining the time of 1nc1p1ent congestion throughout .
the length of the Gulf Freeway.

13, Drew, D. R., "Stocha.SticvCo‘nsiderat‘_ions'in Fr.eew‘ay Operations and
Control." Texas Transportation Institute Research Report 24-5,
June, 1965. v ' : :

The primary charactemstv.cs of trafflc movement are concerned

. with speed, density, and volume.. Additional character1st1cs, associa-
ted with the traffic stream, are the transverse and longitudinal distri-
bution of vehicles. The stochastic aspects of the freeway traffic phe-
nomenon are based on describing the longitudinal distribution of traffic
mathematically. The Erlang frequency distribution is utilized to -des-
_cribe the distribution of individual vehlcles, and a ""moving queues"
model is formulated to explain the tendency of vehicles to platoon , o A
Apphcatmns of the stochastic approach to traffic operations, £reeway o
surveillance, and geometric evaluation and des1g;n,are suggested.

14. Haynes, J. J., "Some Considerations of Vehiciilar Density on U‘rban .
Freeways.' Texas Transportatwn Inst1tute Research Report 24—-
6, Apr11 1965. o :

 This report includes par‘t-s-offa general study of the varioﬁs-.a.spec.ts




of vehicular density for use in the control of 'f‘r’eéw‘ay' tra‘ffic Density
is herein cons1dered as a poss1ble control parameter of a freeway
' Toperatwnal system B »

The pr1nc1pa1 features of ex1st1ng methods used to measure or esti-
“mate’ den51ty are rev1ewed ‘There atre two basic methods mvolved '
One is a process'in which density is- estlmated on the basis of -speeds
and volumes which are sensed at'a point. ‘The other method, which is
‘not yet operational, involves the actual measurement of the den81ty,

“or concentratwn of veh1c1es m a space Co

Results of aerlal photographlc stud1es of the Gulf Freeway in
- Houston are’ utilized to show how' dens1ty may be related to volume as
to certam geometrlc features of the freeway fac111ty S

A field study method is descrlbed wh1ch ylelds contlnuous values
~of vehicular ¢oncentration on certain sections of a, freeway. The
analysm of the data demonstrates a means of- estabhshmg optimum,
-or critical, ‘freeway concentrat1on values and provxdes a means of
" identifying critical sectlons on a freeway wh1ch exh1b1t recurrmg
vh1gh dens1t1es ' o : '

Wattleworth J AL "System Demand Capacity Analys1s ‘on the In-
bound Gulf Freeway """ Texas Transportatwn Instltute Research
o ’Report 24 8 October, 1964 Sl SR
The prime’ obJectwe of this. study was’ the development and evalua- b
tion of a study technique which would permit the operational analysis
~of a one-directional freeway system turnmg its peak penod After
the techmque was developed it was used to analyze the peak per1od A
operation of the inbound Gulf Freeway w1th spec1f1c con81derat1on
, g1ven to the followmg obgectlves, _ S : C
. I. to identify the critical bottlenecks, .
2. to determine the capac1ty flow rates at each oi the bottlenecks,
3. ' to determine for five-minute time perlods the demand rates at
‘ each éntrance to the inbound freeway, S
- 4. to determine for five- minute time perlods the demand rate at
~ each critical freeway bottleneck S .
50 to determme by howmuch and for how long the demand ex~ :
-~ ceeds the capacity at’each bottleneck, ' -
6. to interpret these data in terms of the type of control system
requlred to prevent congestion, :
7. to obtain data su1table for the "before" portlons of "before and '
' after" studies to 'be used for evaluating ‘control experiments, and
'~ 8. to use the data to predict the effect of control and/or geometric’

25




des1gn changes

v These data Were also used to test the hypothe31s that the develop-
ment of congestmn at a freeway bottleneck can decrease the flow rate.

"~ 16. Pmnell C. DreW, D R McCasland Wm R Wattleworth J.A.
ST "Inbound Gulf Freeway Ramp Control Study " ’I‘exas Transpor- '
tatlon Institute Research Report 24-10, December, 1964 '

Th1s report contalns the background, development and results of
" Ramp Control Study I conducted as part of the "Level of Service" pro-
- ject on the inbound Gulf Freeway. This first study was limited to the
entrance ramps on the inbound Gulf Freeway from Wayside Drive to
~ the downtown distribution system during the. ‘morning peak period. The
control study was conducted on nine weekdays from August 4 to 14,
1964. - The controls which were tested were. fixed-time controls, i.e,
they were not traffic adJusted The development of the control plan
utilized "historical" data which’ were collected from January to April,
1964. The approach or ph1losophy used in the development of this
plan was to estimate the demand rate and capac1ty flow rate at each
“entrance ramp merging section from Wayside Drive to Scott Street

and to control each entrance ramp in this section as severely as. need- -

ed to keep the demand less than or equal to capac1ty

17. Drew, D R " “Gap Ac'ceptance Ch'aracterlstlcs for Ramp Freeway
‘ . Surveillance and Control, " Texas Transportatmn Inst1tute Re-
search Report 24-12, July, 1965 ‘ :

‘ 'I‘h1s 1nvest1gat1on determlned gap acceptance cha.racter1st1cs and
merging delay characteristics for six inbound entrance ramps on the
Gulf Freeway Surve111ance and Control PrOJect

‘Merging vehicles were. divided intotwo groups--~those in which the
-driver rejected gaps before finally accepting a gap-and those in which
the driver of a ramp vehicle accepted the first gap: The. former was.
referred to as "'stopped' vehicles and the latter "moving vehicles."
~The critical gap for stopped veh1c1es was found to be about 20 percent
higher than for moving vehicles. In addition, it was concluded that
the critical gap {median) for the merging maneuver from an entrance
ramp is independent of the freeway volume but is apparently affected

by ramp geometrics and ramp. controls. : :

A distribution of critical gaps_vaa..s, formed and fitted to a gamma
distribution. Merging delay values calculated using this distribution
were shown to be higher than those calculated assuming that all drivers
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18.

19.

have the same f1xed cr1t1cal gap. The calculated values were also

,compared to observed mergmg delays

v\» :

If the d1str1but1on of time spent by merging vehlcle at the head o:f

the queue is approx1mated by a gamma d1str1butlon, the entrance

ramp merglng operation’ ‘may be con31dered W1th1n the context of

classical queueing theory Based on this queuemg model a ramp

meterlng technique was developed which takes into account'the indi-
viduality of entrance ramps. F1nally, it is shown how the need exists
for an automatic ramp control technique. combmmg the rn1croscop1c
approach developed in this paper combined with the systems or mac-
roscop1c approach Wthh has beén used as the bas1s for the past manual
ramp metermg expenments on the Gulf Freeway '

Plnnell' C., Drew, D.R., McCasland Wm. R, Wattleworth J. A
“"Inbound Gulf Freeway Ramp ‘Control Study II " Texas Transpor-
tation Instltute Research Report 24 13 July 1965 '

‘ This report presents the development of,. preparatlons for, and o

‘results of the Inbound Gulf Freeway Ramp Control Study I, whlch was -

conducted between January 26 and March 12, 1965

In this study four entrance ramps were closed and one entrance

ramp was manually metered at predetermmed rates, This study was
~highly successful but pointed to the need to control additional ramps
 between Wayside Drive and the Reveille Interchange to further im-

prove freeway operations and to permlt greater use of ramp metering
and less use of complete ramp closure (by spreading. the excess de-

- mand over more ramps). The present study was developed to fill this

need and to allow the evaluation of a trial ramp control 31gna1 1nsta11a-. -
t1on at the Dumble entrance ramp

In add1t10n, the traffic operatlon after term1nat1on of the control
study was also studied and these results are presented. Evaluation of

‘the operation during the control period centered ma1n1y on the freeway

but also included the 1nbound frontage roads and the arterlal street
system ' ' ’ ,

'Wattleworth J. A., "Peak- Perlod Analysis and Control of A Freeway

System. " Texas Transportatlon Inst1tute Research Report 24 15,
October 1965 ' : v

This paper presents some of the possible apphcatlons and advan-— o
tages of another means of operating a peak-period ramp metering
control system. The method involves the use of total flow which must
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be maintained at levels less than or equal to the capac1ty at each free-
way bottleneck. This control philosophy permits use of the contmmty
characteristics of traffic flow, thereby making system conmderatzons
possible. Previous techniques can necessarily be concerned only
with the operatwn of individual merging areas and each can theoret1—
cally maintain a smooth merging operatlon at each entrance ramp.
However, in many instances bottlenecks occur at locatlons between
ramps, frequently cauSed by grades. Each ramp is onée member of a
system and the operation on one affects the operatmn of the system.

- It is desirable that the control system take this 1nterdependency 1nto ,
. account ,

The dlscussmn of the control system is presented in three parts.
The first concerns the operation at individual ramps. The ‘second is
the consideration of the operation of the entire system and the third
is operation during reduced capacity sﬂ:uatmns, such as. occurrences
of acc1dents, dlsabled vehicles, etc :

Pinnell, C Wattleworth J. A, McCasland, W R , and Drew, D.R.

”Evaluatmn of Entrance Ramp Control on a Six- Mile Freeway
Section, '' presented at the H1ghway Research Board Annual Meet~
ing, Jan. 1966 : : : :

A p1lot pro_]ect was 1n1t1ated by the Texas Transportatmn Institute

A‘ in September 1963 with the basic aim of develop1ng an: autornatlc sur-

veillance and control system for the Gulf Freeway in Houston, Texas.
This work has progressed through basic studies of the operat1on on
the Gulf Freeway to experimental control studies. ~ '

The f1rst control study, conducted in August 1964, involved only
a limited section of the Gulf Freeway but furnished the basic technology
for a much more extensive control operat1on This study, in effect
between Jan. 26, 1965, and March 12, 1965, involved the closure or
metering of e1ght inbound entrance ramps durlng the morning peak '
period...

Th1s report furmshes the results of studles conducted before,
during, and after the control plan was in effect. ~The development of
the control procedure and the effect of the controls on freeway and
surface street operation is presented and dlscussed A discussion of
the results of a study of public opinion regarchng the control act1on
and probable future research in the area is summarized.




21,

22.

230

24.

’ 'Santerre, G. L. , ”An Investlgatmn of the Feas1b1hty of Improvmg

Freeway Operation by Staggerlng Working Hours. " Texas Trans-
portatwn Inst1tute Research Report 24-16, May, 1966

Thls research 1nvest1gates the feas1b111ty of- staggermg work1ng

-hours in Houston Texas and evaluates the: impact that staggered work-

ing hours of selected traffic generators would have on:the mormng
peak perrod operatwn of the Gulf Freeway 1n Houston

Pmnell C.; ”Progress Report on’ the Gulf Freeway Surve111ance and
Control PrOJect, " Texas Transportatmn Instltute Research Re-
port 24-—17 July, 1966 ' :

This repo‘rt glve‘s a conc1se'ar1d c'omprehenswe picture of the sur-
veillance and control project through the fiscal year 1965-66. The

‘project scope and objectives are given along with a Projected Work ,

Plan for the Level of Service Project. ~Some of the initial accom-
plishments chscussed are the 1mp1ementat1on of a freeway control

plan, Control Study I and Control Study II.

Drew, D.R., McCasland, Wm. R. Pmnell C. and Wattleworth ‘

‘ J.A. "The Development of an Automatlc Freeway Merging Con-
trol System, " Texas Transportatlon Instltute Research Report
24-19, Jan. 1967 '

A prototype mergmg controler was desrgned, constructed and in-

‘stalled at an entrance ramp on the Gulf Freeway in Houston. It has

the capability of operating under one of four different modes of en- -
trance ramp control. This report describes its operation and gives
the results of prehmmary evaluation- studles '

Buhr, J. H., ”Freeway Entrance Ramp Mergmg Control Systems "
Doctoral Dissertation, Texas A&M Un1verS1ty, College Stat1on,
Texas, Jan. 1967. R LR o

'I'h1s dissertation deals with the control of freeway entrance ramps-
for the purpose of improving freeway operatmg conditions as well as
aiding an entering driver in affecting the merging maneuver. A con-

- trol function is first formulated accordmg to which the control system

should be operatéd and then evaluated through an. 1nvest1gat10n of its.

' parent relationships. These parent relatronshlps are, firstly, the

gap acceptance characteristics of merging drivers and secondly, the
gap stability characteristics d1splayed by freeway gaps as they tra-.

verse a section of h1ghway 1mmed1ate1y upstream of an entrance ramp.

The control functlon apphes for meterlng vehicles one at a tlme as
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well as ..fOr niete‘ring:’of mul-tia,ve'hi-cie plat.eon.‘

Ina discussmn of the applicatmns of thlS research to the control
of an entrance ramp, a hypothetical controller is suggested and a .

~ control chart ‘developed from the control curves by Whlch the se’ctmgs
on the controller can be: determlned
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E. TRAFFIC-SURVEILLANCE =~ @

"Janicki, E,", "Telev1s1on for Trafflc COntrol " Pubhc Works, Vol 86

No 12, Dec 1955

Tr1a1 use in Detr01t of telev1sron cameras. to help halt Jams on
several new expressways under expenmental program, TV screens

~ pick up traffic onclosed circuit cameras along route; as’ trouble is

spotted, traffic control plan immediately to put into operation; calls go .
to engineers for’ operatwn of lane. and ramp controls whmh prevent
additional traff1c from. commg to expressway :

fMalo, A.F.,: and Head R S.., ”’I‘he Role of Telev1smn in Trafflc Con- ‘

trol, " Proceedmgs Highway Research Board Vol. 35 1956

Average dally traffic on expressways is’ greater than was expected
when they were built and traffic volumes.are. exceptionally high during
peak hours. In such condltlons an accident causes instantaneous con-
gestion. With a view to minimizing this congestion, an experiment has
been carried out by the Detroit Department of Streets and Traffic in-
conjunction with the Michigan Bell Telephone Company in the use of

television for traffic control. The preliminary work and the difficul-
‘ties ‘encountered, necessary ancillary equipment and technical aspects

of the problem are described and discussed. ' It is thought that the cost

- of control by means of telévision might be small compared w1th the
‘economic advantages to be derived frorn its use." ‘ o

Rlcker, E.R. ”Momtormg Trafflc Speed and Volume; " Trafflc
Quarterlz Vol. 13 No. 1, Jan. 1959

A traffic momtor cons1st1ng of exper1mental radar sensing units
has been installed on the New Jersey Turnpike, U.S, A. A brief des-
cription is given of the principle of the device and the method of in-
stallation. . Tables and graphs are given to illustrate the information
obtained. It is claimed that the monitor will enable capacity to be cal-
culated accura.tely in‘terms of existing traffic flow, and that predlctlons

‘will be possible of the frequency with which congestlon W111 occur under

ex1st1ng road cond1t10ns

. Sands, L G "NeW Jersey Turnplke Utlllzes Electronlcs for. Trafflc

Survelllance, " Publlc Works v 90 3 March 1959

v Three radar senmng units, . suspended_ over each of three south-
bound lanes of turnpike near Llnden, N Joy cOun“t 'nvumber of vehicles
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and report their speed; information is trahsmitted‘over leas’ed tel'ephOne
- circuits in form of audio tones to turnpike headquarters bmldmg which
compr1ses traffic momtors reglsterlng data and computmg averages

5. Foote, R.S., Crowley, K. W. Gonseth AT, "Development of Traf-
fic Surveillance Systems at Port of New York Authorlty, " Trafﬁc :
Englneermgvol 32 no. 9 June 1962

System to. obtam vehlcle speed mformatmn with- respect to pre-
venting shock waves, removing disabled vehicles, and determining best
use of reversible roadways for Holland and. Llncoln Tunnels in New
York, N.Y. : ~ ‘ '

6. Cott1ngham, K.E., "Proposed Surve1llance System on Seattle Freeway
' Traffic Engmeermgvol 32, no. 9, June 1962 ' o

_ Systems of operatmnal survelllance o:f densu;y type and closed
circuit television type, integrated with control center and ramp 1nter-—
section signal controllers; computer mastered traffic signal control
system on city streets for handling "off- ramp" traffic of reversible.
roadways; problem of metering traffic entering freeway frOm other
freeways Where no 51gnal1zed 1ntersect1on exists,

7. Gervals, E. F "John Lodge Freeway Survelllance Systems, " Trafﬁc ’
‘ Engmeerlng vol. 32, no. 10 July 1962 B '

Experlmental research on freeway traff1c surve111ance conducted
to demonstrate how latest developments in electronics and other tech-
nological subjects can be apphed to freeway operatlon

8. Hagenauer, G.F., '""Chicago Expressway Su:_rvelllance Reseal_'ch Pro-
ject. ' Trafﬁc Eng1neermg, vol 32, no. 10 July 1962

Pro_]ect for observmg h1ghway operatmns by Chlcago Area Trafﬁc o
Subcommittee; installation of pilot research system for detecting oper-
ating characteristics of expressway at various points along its length
to determine which characteristics could ‘be most. useful to display
quality of operation. , ~

9. Richard, C.L., and Bushnell, K., "Telev151on Eqmpment for. Trafﬁc
Survelllance,“ nghway Research R.ec;ord, No 10 1963 '

A project has been undertaken to evaluate the use of surveillance,
traffic control and sensing equipment, and to 1nvest1gate how such
equipment can be used to study and improve traffic flow on freeways.
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11.

12.

13,

A closed- cucuzt telev1s1on system wh1ch employs srnall v1d1con tubes .
permrts observatlon durlng the hours of darkness as Well as in daylrght
The camera and ‘¢ircuit are descr1bed and 111ustrated "The problems
encountered on the John C.’ Lodge Freeway, where 14 television cameras
are installed about’ 1/4 rmle apart, are explalned From the control

‘center it is poss1b1e to observe traffic, see acc1dents and d1rect aid .

to the s1tes, operate trafflc control devrces and assess the’ results ob- :
tamed by veh1c1e sensmg equ1pment S

'DeRose, v F. Jr. o "Liodge Freeway Traff1c Surve1llance and Control

Progect Development and Evaluatlon”, nghway Research Record,
no. 21, .Ian 1963 : : :

Analys1s and evaluatlon of character1st1cs and accessories of
closed circuit television System for viewing urban freeway traffic and

‘aiding in ‘traffic control system cons1sted of cameras, momtors, trans-

mission equipment, and accessories. Some typ1ca1 research studles
uslng televrsmn system are also descr1bed

May, A.D:, Ath‘ol' P., Parker, W. and Rudden, J. B,,l"Development
and Evaluation of Congress Street Expressway P1lot Detection
System H1ghway Research Record 21, Jan 1963

4 Marti”n, H., "TV A1ds Trafflc: Control " 'I'raff1c Englneerrng and Con-

trol June 1963

Use of TV for tra.fflc observatlon and urban trafflc control in

Munich, West Germany. By means of TV camera, trafflc can be moni-

tored from Trafflc Center, and programmmg of autornat1c 1nstallat1on
centrally adJusted in light of information obtained. TV rnomtorrng can
be used for overriding central control of individual phases, Green and
amber phases can be held to meet trafflc condltlons

”Seattle Freeway Trafflc Handled by TV Cameras " Western Construc»» '
tion, Vol 38, No.. 9, Augu,st 1963 ) : ‘

» One operator, alded by 11 TV cameras, w111 control traff1c on the
Seattle Freeway now under construction. Accordlng to the local traffic
engineers the system will represent the most advanced and effective
remote control network, and at the same tire be uncomphcated The

procedure and equlpment will be the most advanced in the nation, al-

though it will not be the first use of such 1mp1ements for traffic control.
The systems in use at Detroit’ and Chlcago were added to ex1st1ng high-
ways, whereas the Seattle mstallatmn will be de51gned as part of the '

freeway program.

33




140

15.

16.

17.

18.

19.

. The Seattle Freeway, basically an 8- la.ne hlghway, will be supple-
mented with a 4-lane reversible roadway for a length of 7 1/2 miles.
Normal traffic will move on four lanes in both directions, with the : o
4-lane reversible roadway brought into operation during morning and ‘
afternoon peak hours. The control system will automatically meter
the traffic and operate all control devices along the reversible section.
The operator will have control of 11 remote television cameras which
will be located at strategic points along the freeway. This system will
enable him to see conditions prior to operating the control system,
These controls will activate barriers and swing gates to direct traffic
and will also meter the necessary traffic 51gnals to prov1de a continuous
smooth flow of traffic.

- Gervais, E.F., '"National Proving Ground for Freeway Surveillance,

Control and Electronic Traffic Aids, " Proceedmgs of the Con-
ference on Traffic Surveillance, Simulation and Control Washing-
 ton, D.C., Sept. 1964,

May, A.D., "Chicago Area Expressway Surveillance Project‘ " Pro-
ceedmgs of the Conference on Traffic Survelllance and Control
Washington, D.C., Sept. 1964. :

Cottingham, K. E "'Seattle Freeway Electronic Control and Closed
Circuit. Telev1s1on, " Proceedings of the Conference on Traffic
‘Surveillance, Simulation a.nd Control, Washmgton, D.C., Sept.,
1964 : :

Pinnell, C., Drew, D.R., McCasland, W.R., and Wattleworth J.A.
"Gulf Freeway Surve111ance Project, " Proceedings of the. Con-
ference on Traffic Surveillance Slmulatmn and Control Wash1ng~-
ton, D. C. , September 1964. '

Foote, R.S., "Vehlcle Tunnel Survelllance to Impr0ve the Level of
Traffic Service,' Proceedings of the Conference on Traffic Sur-
veillance, Simulation and Control» Washmgton, D.C. Sept 1964.

"Traffic Surveillance Trial at Va.uxhall Cross " Surveyor, vol 74 S
No. 3784, Dec. 1964 . o R , -

TheMinistry of Transport is running a trial of Decca Radar Ltd.
traffic surveillance equipment in the Vauxhall Cross area. The system,
uses the Decca '""Colormatic" traffic map which shows traffic move-
ment over a large area at a glance. Vehicle detectors placed at 10
points on the road system operate colored lights on the map to show
what vehicles are doing at each point: green arrows are illuminated
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when traffrc is movrng at 10 mph or over, amber dots. show when speed V
drops below 10 mph, and red arrows indicate that traffrc has been sta-
tlonary for more than half a mlnute : :

"The Vauxhall Cross scheme W111 be 1n operatmn 24 hr/day for the
next 3 mo. for study by the MOT, ‘police and local authorities. It may
‘well prove to be an ideéal traffic aid for small- and medmm sized towns
with a serious traff1c problem but not the frnances to prov1de a full

computer system :

20, Surtr, V. H., ”Effect of Telev1smn Survelllance on Police Response
Time to an Urban Freeway Incident. ' Presented at the Annual
Meetrng of the Highway Research Board ‘Jan, 1965

The Joha C. ‘Lodge" Freeway from the EdSel Ford Interchange north
to the Davison Interchange has been under telev1s1on surveillance since’
“January 1961. ‘This surveillahce system was in part-time surveillance
operation (6:00 a. m. to 8:00 p.m. on ‘weekdays) with a control system A
of variable speed signs and lane control signals since May 1962. From
‘the outset, manual logs were malntalned recorchng 1nforrnat10n pertain-
‘ing to incidents which affected either the traffic lanes or refuge should-
ers. Prior to operation of the control system, ‘police were notified only
when an incident was a serious accident in which injury was evident or

' seemed likely. When the control system was put into operation, a

o pol1cy of notifying the pol1ce of all incidents which affected traffic lanes
within the visual range of the TV cameras was instituted. Since the
manual logs were maintained and "before'' and "after" notification
periods existed, an attempt was made to detérmine whether notification
had reduced response time to an 1nc1dent by an offlclal agency.

21, P1nne11 Charles, "Gulf Freeway Survelllance and Control Pro_]ect "
Traffrc Quarterly, January, 1966 :
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F. COMPUTER CONTROL OF TRAFFIC

Overmyer, R.A., "Philadelphia's Electronic Controlled Signal Sys-
tem,_" Traffi_c' Engineering ‘and Cont.rol Vol..2, No. 5, 1960.

The paper descrlbes the "PR" system a.nd how it Works in the down-,

town area of Phlla,delphm.

Casciato, Leonard azid Cass, Samuel, "Pilot Study of the Automatic
Control of Traffic Signals by a General Purpose Computer,"
'f'Electromcs in Trafﬁc Operatxons, nghwa.y Research Board
 Bulletin 338, 1962

'The authors descrlbe the 1n1t1a1, small 31gna1 system in Toronto.

‘The modes of control are described in general terms as well as the

mechanics of settmg signals. An economlc ana.ly51s of the p1lot study

’1s 1ncluded

Freer, J.A., "Los Angéles Installs America's E'_‘i‘_:i"st,Comp.uter‘_S'yétem '
‘ for Tra_fflc Control", Traffic Engineering and Control, Vol. 4, No.3,

The author brleﬂy descrlbes the Los Angeles dxgltal System Wthh :
performs the functlons of the more fam111ar "PR" analog control system._ '

Irwin, N.A. ”Opturnzmg Traffic Flow with Electronic Computer,.“
AASHO Comml’ctee on Electromcs pt 7, 1962. :

Experimental project carried out in Toronto, Canada, metropoli~
tan area to demonstrate that electronic computer could be connected

‘into existing traffic signal network to provide flexible, reliable, and

powerful coordinated signal system free of most of the limitations of
existing traffic signal control equipment. Suggestions for wider appli-
cation of computer control are made.

. Miller, A.J., "A Computer Control System for Traffic Nétworks. "

Paper presented at the 2nd International Symposium on the Theory of
. Road Traffic Flow, London, June 1963. Univ. of Blrrnmgham, Gradua.te
School in Highway and Traffic Englneermg, Pub. No. 3, 1963.

A data-sampled system is described for the computer' control of
traffic in urban networks. A digital computer is fed with data from
detectors placed at the approaches and stop lines for every junction.
Three forms of control are mentioned in this paper; namely, ‘timing
control, quantity .control, and route control., Of these, only the first
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1s descrlbed :m detall

In the tlmmg control system proposed the computer scans each

:Juhctlon at regular intervals (about every 2 sec. ) and makes a decision

as to whether to change the. signals or leave them as they are. These
decisions are based on estimates of the relative delays which will be
incurred if the. signals are changed 1rnrned1ately or at subsequent inter-
vals, The s1gnals are left unaltered. unless it appears that: least delay
will result from an. 1mmed1ate change. -

To deterrmne the effectiveness of the proposed tlmmg control sys--
tem, a program has. been written to control computer smnulated traf-
fic. Preliminary. results suggest that the cost of delays saved by op-
erating a computer control system such. as that descrlbed, compared
with the best existing alternatives, should exceed the add1t1onal in-

v stallatlon and operatmg costs but possﬂaly not’ by a great amount

Grlmsdale, R L., Mathers R.W. and Sumner, F, H. ”An Investlga-
tion of Computer Controlled Trafﬁc Slgnals by Slmulatlon " Proc
Institution of ClVll Engmeers, Vol 28 June 1963.

-~ Some experlments in computer controlled trafflc s1gnals have been
done using the Mercury digital computer at Manchester-University.
The road network which contained the traffic signals was simulated on
the same computer. The" obJect of the experiments was to 1nvest1gate
some methods of centrahzed .computer~control of traffic. ‘signals and in
particular the provision of signals 1nd1cat1ng the best routes between
points in the network. The idea behind the- control methods, des1gned
to eliminate traffic jams, was to limit entry of vehicles to insure-
freedom of movement for vehicles in the heart of the network. - The

operation of the method of routing control proved successful in the

model although the improvement in flow rates was not great

Traff1c Control by Computer Increases Street Capacity. ' Public
Works Vo. 94 No. 8 Aug. 1963, :

A centrahzed trafflc control scheme presently being installed in

~ Toronto, Ontario is described, The traffic signal system has unlimited

flexibility in the manner in which signals adjust to traffic requirements
and built-in facilities for studying methods of control and making long

. range. traffic ‘plans., A pilot study to test new system under actual traf-.
fic conditions’indicated decrease of 11% in average delay per vehicle

during evening rush hours and of 25% in morning rush hours while con-
gestion was reduced by 28%. Computer statistics are given and the
system operation explained. v .




Irwin, Neal A., "The Toronto Computer-Controlled Traffic Signal
System, ' Proceedings of the Interdisciplinary Clinic on Instru- ,
mentation Requ1rements for Tra.fflc Control Systems, New' York ' -
Dec. 1963, ‘

This paper is a study of the full Toronto system -using a Univac
1107 central computer. Developments in control techniques beyond
the Pilot Study are described. " Part1cu1ar1y' concerned Wlth hardware
chara.cterlstlcs of the system. :

"H1ghway Traff1c Control by Data Processor’ " Survezor Vol 123
No. 3746, Ma.r 1964. ' , :

A new system of complete road traffic control by 11nk1ng of traffic v
signals and detectors to data processor will reduce accident rate, in-
crease traffic flow, and defer costly urban redevelopment. Working
on the principle of fixed time cycles, but dependmg upon number of
vehicles presenting themselves at intersections, green time can be
borrowed or lent, while overall time cycle is maintained as ‘constant.
'Rotrac' system enables existing and proposed roads to be used to
limit of their capacity.

.Downey, H.E., ""Cornpﬁtei‘ Control of Main Ar_tery 'T_'ravffic Flow, "
Data Systems Engineer,ing, Vol. 19, No. 3 Mar.. '1964.

A system developed by General Rallway Signal Co. for controlllng
traffic on Buffalo, NY Main Street is described. The system is based
on the concept of ”lane occupancy, ' for determlnatlon of which ultra-
sonic sampling techmques and telemetry are used. Data from detec~
tion system are fed into computers that select offset and cycle length
of traffic s1gna1s :

Casciato, Leonard and Cass, Samuel, "Progi'ees and Experience in
- Toronto Traffic Control System, ' Proceedings Conference on
Traffic Surveﬂlance, S1mu1at1on and Control, September 1964.

. The authors descrlbe the 500 51gna1 control system in Toronto ‘
using a Univac 1107 central computer. They also describe the man- v ~
ner of utilization of the computer, 51gna1 modxflcatmns, and data ac- '
cumulating capab111t1es of the- system

Rudden, J. B., "Central Control of Traffic Signals, " Trafflc Englneer—
ing, Vol. 37, No. 4, January 1967. '

This paper is a very general treatment' of the philosophy of central
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control, A functlona.l a,nalys1s of operatmn of detectors, ‘central
computer and signal dev1ces in such a system without reference to
= a spec1f1c conﬁguratmn.

39




. G. QUALITY OF FLOW - LEVEL OF SERVICE

Rothrock, C.A., "Urban C.ongestion Index P.i'inclples. " Highway Re-

search Board, 'Bulleti_n, No. 86, 1954,

The author discusses the need for a method of measurement and
evaluation of traffic congestion. He outlines the concepts of operation-
al characteristics, freedom of movement and volume-to-capacity ratio
as pos 81b1e approaches to the development of a “Congestwn Index. "

Greenshields, B.D., '"Quality of Traffic Transrmssmn, " Proceedmgs
of the Highway Research Board, Vol. 34, 1955.

The author suggests some quantitative measures of traffic con-
gestion by the development of a "Quality of Flow Index' based on the
average speed and the magnitude and frequency of speed changes. He -
also suggests an ""Efficiency Index” as a measure of both. the quantlty
and quallty of traffic flow. ' : :

Rothrock, C.A. and Keefer, L.E., "‘Meae‘urerhent,o_f Urban Traffic
Congestion, " Highway Research Board Bulletin, ‘,156,' 1957.

The authors utilize the parameter of tra.vel t1me in an attempt to
evaluate the level of service on a city street :

Provins, K. A., "Environmental Cond1t1ons and Dr1v1ng EfflClency
Ergonomlcs, Vol. 2, No. 1, 1958.

The paper is a review of work in the field of environmental effects
on human performance with special reference to problems of driving
efficiency. It is concerned principally with the effects of low and high
environmental temperatures, a‘n'd of air pollution by carbon monoxide, .
on sensor-motor performance at tasks related to driving. There are
many papers and reviews dealing with the general problem of environ-
mental and occupational efficiency but relatively few concerned direct-
ly with motor vehicle driving. This is probably due to difficulties and
dangers of experiments on the roads which might lead to reduction of
driving efficiency and to the intrisic difficulty of measuring driver
performance. This review must be regarded therefore as a guide to
the possible effects which environmental conditions may have on motor
vehicle driver performance and a pointer to the need for further re-
search more pertinent to the driving problem itself.
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Hall E.M., and'Geor’ge', S., Jyr “Travel Tlm‘e - An Effectlve Mea..
- sure of Congestion and Level of Service." H1ghway Research
Board Proceedmgs, Vol, 38, 1959. ~ o

The effectlveness o:f travel time as a measure of congestlon and
quality of urban traffic service is discussed. The importance of travel

time, not only for day-to-day- operations but also for long-range plan-
. ning of streets and h1ghways, is stressed,  In discussion field studies
- in the San Diego area, the authors stress the simplicity of data collec-

tion and analysis,- and the various effectlve presentatmns evaluatmg
the ‘quality of urban street service. The presentatmns have: ‘Proven. to

‘be easily understood by the average layman, and’ useful to technicians .' R

- ..and in management.. The cost of conductmg the travel tlme studies’ is"

summarized. -

Michaels, R. M ”Tensmn Responses of Drlver Generated on Urban
Streets, " nghway Research Board Bulletm 271 1960 .

Brenner, Robe rt, ”A Quantltatlve Evaluatlon of Trafﬁc 1n a Complex
Freeway Network " H1ghway Research Board Bulletm 291 Jan.. -
1961.. : . A '

The propomtmn that travel tlme 1s a f.undamental dependent var1able :

‘in the analysis of transportatmn systems is’ developed along with several

corollary concepts. The proposition and some of the derived concepts
were put to test in a detailed: investigation of trafflc ina’ part of the
freeway network in downtown Los Angeles, -

L1cense plate methods were used to obtain both travel tlme ‘and

the relative percentages of traffic flow in all the combinations of mput— '

output freeways as well as freeway-ramp combinations. Speeds and
headways were measured by lane at the output boundary of the network -
of interest which is on a freeway proper. Other covariates were clas-

- sified volume counts by lane on the output boundary ‘A novel mailing

B questionnaire was used to establish the surface street paths that drlvers

pursue to get to the on-ramps of the network

Representatwe of the hypotheses tested Were the effect of on-~ and

- off-ramp traffic on network travel time; the effect of multlaxle vehicles

on network travel time; deduced effects that opening planned additional .

~links of the freeway system w111 have on the existing network; deduced

effects that closing a ramp would have on the network as well as on the
adjacent surface streets = : ’ :

Besides providin'g a qua-ntitative d-esv’criptio'n of traffic in the
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selected network the study demonstrates that mathematical models
based on travel time can be applied to real situations.. Although there
can be no formal proof of the importance of these models, the fact that
they yield useful information in this case suggests that more general
applications mlght be considered. :

. George, H. P., ”Measurement and Evaluatmn of Tra.fflc Congestloﬁ "

Bureau of H1ghwa.y Traffic Yale Un1vers1ty, 1961

The author assumes that trafflc 1neff1c1ency con51sts of two ma_]or
factors: (1) time of operation or time loss and (2) driver inconvenience
and discomfort. Traffic is then g1ven a rating of congestion, - R, ac-

. cording to the relat1on R=D+f (""B‘) where D is the number of vehicles

per mile, vis a coeff1c1ent of variation of the d1str1but1on of speeds,
and a and b are constants. D is related to operating time and the
second term introduces the discomfort element. Field work undertaken
and analys1s of data are explained and it is noted. that values determmed
for total daily 1neff1c1ency may be used as 1nd1ces for comparison
purposes. :

Guerin, N.S. s 'i'TéraVel Time "Relationshiip's. '"" Bureau of Highv:kay
Traffic, Yale University, 1961. '

Travel time is considered as one of .the basic variables. in the char-

. acteristics of a traffic stream, with particular emphasis on its rela-

tion to traffic density. Boundary curves are proposed and considered
better than average curves for expressing this relation, which is not

linear because the values of the regression coefficients depend on the
range of traffic cond1t1ons observed and the duration of the observa- '

“tions.

Palmer, M. R., "The Development of Trafflc Congestmnv " Burea.u
of H1ghway Traffic, Yale Un1vers1ty, 1961.

Th1s study deals w1th the behavwr of drlvers in a traffic stream
as flow approaches the absolute capacity. of a h1ghway The analys1s
was particularly concerned with the kinematic flow theory of Lighthill
and Whitham and is a detailed study of the pattern of traffic at a bridge
site on the Merritt Parkway during a 30-min period. The observed = -
traffic behavior was in fairly close agreement with that indicated for
a bottleneck by the theory. Queues of vehicles spaced closer than four
seconds apart tend to slow down at a bottleneck, the reduction in speed
being greater for long than for short queues. A relatively small in-
crease in traffic load ona heavily loaded road can have a very big ef-
fect and may quickly triple average travel time over a considerable
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distance.

Underwodd R. T ”Speed Volume and Density Relat1onsh1ps " Bureau |
of I-I1ghway Trafflc, Yale Umversxty, 1961

Analysis of results obtamed at two sites 1nd1cates that there seems
to be an exponential relation between space mean speed and traffic
density on ordinary roads but it does not apply to motor roads. A gen-
eralized speed-flow diagram is given which consists of three zones
(normal flow, unstable flow and forced flow), each spe01f1ed in terms
of probab111t1es :

May, A. D., and Wagner, F A, ”A Summary of Quality and Funda-
mental Characteristics of Trafﬁc Flow.' Michigan State Univer-
' s1ty, H1ghwa.y- Traff1c Safety Center, East Lansmg, Mlchlgan, 1961

Two reports, entltled "A Study of Quality of Tra.fflc Flow, " and
"A Study of Fundamental Characteristics of Trafflc Flow,' both pub-
lished in 1960, are summarized. They describe work carried out in
1957 and 1958, The study on quahty of traffic flow 1nvest1gated the ef-
fects of var1ous ‘road features and frictions (medial, marginal and in-
tersectional friction) on traffic operatmg characteristics such as speed,f
economy and safety of movement. Information on speed, changes of

 speed, stops, brake apphcatlons and fuel consumptlon in relation to

time and distance of travel were obtained from a movmg vehicle travel-. ‘
ing along 41 selected road sections on urban expressways and other

- roads in Detroit, Lans1ng and. East Lansing. Traffic volume recorders

were placed near both ends of each section. A method for appraising
the quality of traffic flow is developed. Research was included on the
reliability of the moving car method, the apphcablhty of statistical
analysis to travel-time studies and the effectiveness of equipment: used
for traffic observatlons and measurements. To study the fundamental
character1st1cs of traff1c flow, information on traffic volume, ‘lane
usage, speed, density, and vehicle headways in terms of time and
distance was collected at seven of the sites and analyzed. The inter-
relat1onsh1ps between these charactenstu:s were also analyzed

Harr, Mﬂton E., and Leonards, Gerald A, "A Theory of Traffic Flow
~ for Evaluation of Geometrlc Aspects of nghwaysg " nghway Re-
search Board Bulletln 308, 1962,

The authors take a sfome'what more mathematical app'rioach to the
measurement of the quality of traffic flow as affected by a certain
geometric feature. They propose an "F-factor'" as a numerical rating
of a particular geometric aspect, derived from an analogy with the one
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d1mens1ona1 flow of a compress1ble fluid.

14, Halen, C. E. Hall, E.M., and Johnson, A.A., ”Travel Time-A . . -
Measure of Service and a Criterion for Improvement Priorities, "
Presented at the Annual Meeting of the H1ghway Research Board,
-Jan. 1963. , . , v A -

15, Platt, F.N., "A Proposed Index for the Level of Trafflc Serv1ce "
‘ Trafflc Engmeermg Vol 34, No. 2, Nov. 1963.

An index called the "Level of Traffic Service Index' is ‘proposed in
this paper based on a systems_framework of traffic observations. It
refines Greenshields' '"Quality of Flow Index" with additional factors
related to driver satisfaction, effort and annoyance.  Special attention
is given to the different types of drivers and their objectives. - Data for
calculating the index of a particular highway can be obtained by a spe-
cial vehicle-mounted instrument. The need for a Level of Traffic
Service Index has been voiced by both engineers in traffic operations
and economists involved in highway user benefit studies. Extensive
research is recommended to substantiate and refine the proposed index S
* so that 1t may some day become an acceptable 1nternat1ona1 standard

16. Schwar, J.F., and Taylor D.M.C., "The Speed Respons'e Surface
Another Measure of Traffic Serv1ce, " Unpublished, Dept of
Civil Englneerlng, The Ohio State Un1vers1ty, 1965

l?.‘ ‘ Drew, D.R. , Keese, C.J. ”Freeway Level of Serv1ce as Influenced
- by Volume and Capac1ty Characteristics. " nghway Research.
Record No. 99, 1965. .

_ This report deals with two main topics whlch aﬁ'ect trafflc opera-
1:10n, and thus the level of service, on freeways. They are volume
characteristics and capacity characteristics. The two main topics
under volume characteristics which are considered are (1) peak rates
of flow, and (2) lane distribution of vehicles on freeways. '

The second section deals with freeway capacity characteristics
including a theoretical approach to providing a rational relationship - =
v between capacity and level of service. An energy-momentum analogy
- is proposed as a quantitative approach to this relationship. In the
‘ third section, applications are made of these demand and capacity -
characteristics to freeway design and operatzon
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19.

20.
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22,

Drew, D.R. Dndek' L. ”Investlgatlon of an Internal Energy Model '
for Evaluatmg Freeway Level of Service." Texas Transportation N
Instltute Research Report 24-11, June, 1965 '

The obJectwes of this research fall 1nto three phases (1) theory
formulatlon, (2) measurement of appropriate traffic characteristics -
for theory veriflcatlon, and (3) recommendatlons for apphcatmn
They include: :

1. The formulatlon of an "energy" model of traff1c flow Whlch

includes both "kinetic energy“ and ”1nternal energy. "

2. Measurement of the acceleration noise on the Gulf Freeway to
test the hypothesis that acceleratmn noise represents the "1nternal
energy "of a traff1c stream. : : :

3. Determmatmn of the effects of such geometncs as grades of
the fac1l1ty on. acceleratmn noise, : : :

4. Determination of the effects of operatmnal control procedures
such as ramp metermg on acceleratlon noise. o v

5. Recommendatlons for apphcatwn of energy parameters in free-'_

- way design and operat1ons

6. The app11cat1on of the energy concept to the quant1tat1ve des-
cription of freeway level of serv1ce o

Surti, V.H. an'd Gerv'ais,' E‘ F. ”Peak Period Comfort and Serv1ce

Evaluation of an Urban Freeway and an Alternate Surface Street "o -

The Natlonal Proving Ground for Freeway Survelllance, Control
and Electromc Traffm A1ds, | Detrolt, M1ch1gan, August 1965

-Schwar, J.F. ”Quallty of Trafflc Serv:ce, " Trafflc Quarterly,

Jan. - 1966

‘Drew, D.R., 'Dndelt" C. L., and Keese, C.J., : ”Freeway Level of

Service as Described by an Energy- Acceleratmn Model, " Pre—
sented at the Annual Meeting of the Highway Research Board
Jan. 1966 : :

Reddy, M.S. "Quant1tat1ve Evalua.tlon of the Effect of Mergmg Ve~

hicles on Freeway Operatlon, " Dissertation, Texas A&M Uni-
' versrcy,\.]'an. 1966 '
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_H, TRAFFIC SIMULATION

Kell, James H., "Intersection Delay Obtained by Simﬁlaﬁing Traffic on
~a Computer.' Highway Research Board Bulletin No. 15, Dec. 1948,

‘This paper presents the results of the first phase of an extensive
project involving the simulation of vehicular traffic at intersections.
The model used in this phase consisted of the time ‘simulation of an
orthogonal intersection of two two-lane, two-way streets with the minor
street being controlled by stop signs. Approximately 14, 000 hr of
traffic were simulated on an IBM 701 computer. Total intersection de-
lay was the final output of the simulation. This is related to input ’
volumes by multiple regression techniques. These results are com-
pared to the output from the second phase (a signalized intersection]

to provide factual data concerning the effect of installing a traffic si-
" nal at an intersection.

Glickstein, A., Findley, L.D., and Levy, S.L., "Application of Com-
puter S1mu1at10n Techniques to Intercha.nge Des1gn Problems, "
Highway Research Board Bulletin, No. 29, Nov. 1950. '

Trautman, D.L., Davis, H., Heilfron,. J., Ho, E C., Mathewson,
J.H., Rosenbloom, A., ”Analy31s and simulation of vehicular
Tra.ff1c Flow." California Univ. Institute of ’I‘ransportatlon and
Traffic Eng-—Research Report No 20, Dec. 1954 ' :

Phenomena of traffic flow with significant questmns.pertinent to
congested flow; vehicle delay at intersections related to traffic control;
statistical behavior of congested merging traffic phenomena; program-
ming method applicable to many large scale, h1gh sPeed general pur-
pose digital computers. B1b11ography : o

Gerlough, D. L., ”Simulatlon of Freeway Traffic by an Electronic
Computer.' Highway Research Board Proceedings, Vol. 35, 1956.

' The electronic computer offers promise of becoming a powerful
tool in studying the flow of traffic on freeways. To program such a
problem for the computer the engineer must quantize time and distance.
For input data he must have as a minimum a distribution of desired
speeds and a distribution of input time- spacings. Additional phenomena
which may be handled include vehicle length, followmg practices, pass-.
ing practices, and time within system. For the; treatment of such prob-
lems there are available two markedly different approaches each of
which is discussed. '
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Exploratory stud1es indicate quahtatwe agreement between results |
and expected behavmr , .

Goode, Harry, H., Pollmar, Carl H and Wr1ght, Jesse B. "TheUse ‘
of a Digital Computer to Model a Signalized Intersection. " H:gh- -
' way. Research Board Proceedmg_ Vol 35, '1956. -

A method for modelmg a s1gna11zed 1ntersect10n on a d1g1ta1 com-~
puter is developed and used to estimate delays as a function of cycle
time, turn fra.ctmn, -green time and cars per ‘hour. The method is

- compared with other techmques and a prognos1s is made for its. future ‘

use.

Goode, H H., "The Apphcatwn of a’ ngh Speed Computer to the Def1—

nition and Solut1on of the Vehlcular Traffm Problem n Operatlons -
Research Vol -5, No. 6, Dec 1957 B : :

After an exammatlon of the methodology used by the operatlons re- V‘
searcher, it becomes clear that the mathematlcal model is central to
this methodology. It therefore becomes of interest to examine mathe-
matical models. These are classified-into. analytm and numerical, as -
well as into deterministic or stochastic. . “Attention is then centered on
the numerical stochastic model. The use of a computer in this con~
nection is explored and the resulting model is discussed from the

- standpoint of operations-research methodology--all in connection with

the vehicular traffic problem. Conclusions are drawn concermng the
estimated usefulness of 'such a model in the future. '

Helly, W., "Simulation of Bottlenecks in single;Lane Traffic Flow, "
Proceedings, Symposium on the Theory of Traffic Flow, General
Motors Research Liaboratories, Warren, Michigan, Dec. 1959.-

Bottleneck behavior of automobile traffic is simulated for environ-
ments where passing cannot occur and where vehicles neither enter:

‘nor leave the traffic stream. A microscopic "car- -following' model

simulates bottlenecks in traffic tunnels. The first bottleneck be-
havior assumes the headway of the nth platoon vehicle is independent

of n (the positions in the platoon). In second kind, the time headway

increases with n. A theoretical behavior model for the bottlenecks of
the second kmd is developed as a Markov chain.

Gerlough D.L., “Trafflc Inputs for Slmulatwn on a D1g1ta1 Computer "

Proceechngs nghway Research Board 1959.

The relatlve merlts of observed 1nputs and generated 1nputs are
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discussed. A method of generating Poisson inputs is described.
Methods of adjusting the exponential to gain greater realism in time
spacing of vehicles are-discussed.

Perchonok, P.A., ”Application‘of Digital Simulation Téchniques to . -
Freeway On-Ramp Traffic Operations.' Highway Research Board
Proceedings, Vol. 39, 1960. '

This paper reports on a simulation study by digital computer. of
freeway on-ramp operations. With the techniques described, it is =~
possible to determine some of the effects of changes in traffic volume,
velocity, geometric design, etc. The basis for the simulation is the
statistical analysis of data from a number of 1nterchange locations
which describes trafflc flow and dr1ver behavior in the mergmg pro-
cess. , -

Wohl, M., "Simulation-Its Application to Traffic Engineering, "
Trafflc Engineering Vol. 30 No 11, Aug., 1960, Vol. 31, No. 1,
Sept 1960. e '

Simulation has experienced wide-spread application in various
fields of science and engineering. Until recent years, however, traf-
fic engineering applications were limited to simulation which utilized
physical models. With the rapid development of electronic digital com-

‘puters it has now become feasible to consider simulation of vehicular

traffic flow by mathematical or symbolic models. This type of simu-
lation has tremendous potential for solving the everyday analysis and
design problems fac1ng hlghvvay and traffic engineers.

The first part of this paper seeks to define slmula,tion, the major
steps in the simulation process, and its applications to the field of
traffic engineering. The second part illustrates the simulation pro-
cess by following through a simulation program whlch deals w1‘ch a
specific, though simplified, design problem

Miller, C.L., Lang, A.S., and Robbins, D.H. '"650 Program Manual:
Vehicle Simulation and Operating Cost System''. Data Engineer-
__5D1v1s1on, Dept. of Civil Engineering, Mas sachusetts Instltute
of Technology, Pub. 142, May 1961 S :

A set of digital computer programs has been developed to aid the
highway engineer in the economic evaluation of alternative highway
alignments. Specifically, these programs are intended to supplement
the method outlined in the AASHO Road User Benefit Analysés for High-
way Improvements Réport for computmg vehicle operating costs. The
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report relies on graphical means to obtain operatmg costs for a ‘given
set of alignment and speed conditions. This. information is both diffi-
cult and costly to keep up-to-date. The results of the computer pro-
grams, on the other hand, are as up to date as the 1nput data used by

the engmeer

Thls report is a manual Wthh provides the h1ghway engmeer with
sufficient information to run the programs on a basic IBM Type 650
Computer and tabulate the output on a 407 Accountlng Machmg It

' does not attempt to- cover the refinements of the 10g1c and mathematms

of the model. This aspect of the research is: covered in the ”Research
Report on the Vehicle Simulation and Operatmg Cost, System, "' Publi-

‘cation 143, Data Engmeerlng Division, Department of Civil and Sani-
.tary Eng1neer1ng, _Mas sachusetts Inst1tute of . Technology

Stark, M.C., ”Computer Slmulatmn of Traffic on Nlne Blocks of a
City Street " H1ghway Research Board: Bulletln _356 Jan. 1962.

A computer model has been constructed which simulates the vol-
ume and movement. of traffic on a nine-block section of a city street. -
The simulated cars are reviewed every quarter-second and are moved
according to rules for movement which have been built into the com- .
puter program. - The simulation run on the computer Pproduces two out-
puts. The quarter-second car positions are plotted on an oscilloscope
and photographed. The result is a moving plcture which can be shown

‘in real time. The effect is comparable to viewing the traffic flow from

a helicopter. The other output is a series of tables that catalogs all
vehicles as they enter the model, clock and count them as they pass a
key intermediate point, and, finally, check them out at the end of the
course, counting thern again and noting their individual runnlng tlmes
Other information is also furnished, such as type of vehlcle, speed
and lane use. The tables thus furnish an abundance of quantitative
data for measuring and evaluating the performance of the model.

Kell, J.H., ”Analyzi‘ng'Vehicular Delay at Intersections‘ Through Simu-
lation. '™ H1ghway Research Board Bull, 356 Jan' 1962.

The first section of this paper describes th‘e‘ d‘evel-opment of a
simulation model for the intersection of two 2-lane two-directional
streets, with one street being controlled by stop. signs. The lack of
adequate mathematical distributions describing traffic behavior and -
the field studies performed to obtain these d1str1but10ns are discussed.
The elaborate techniques used to test the loglc of the model before be- :
ginning the ana1y51s are also reviewed.
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The second portion of the paper presents the s1mu1at10n results
The variability of vehicular delay under constant traffic conditions is
described and the relat1onsh1ps between vehlcular delay and 1nd1v1dual '
approach volumes and turning movements are formulated.

A brief d1scusswn of the value of this research and the general
appl1cab111ty of simulation techmques to solvmg trafflc problems is
also presented. : : -

Walten, J. Rk , and D’o"uglas,. R.A. BUN LaGrang1an Approach to Trafflc |
Simulation on D1g1tal Computers” Highway Research Board Bull.
356, 1962. : : -

The technique described ie'designed to reduc:e"compul:ational effort
by performing computations only for those times when vehicle inter-

actions occur and for the vehicles affected. Traffic is simulated as it

would appear to an observer in each vehicle. In the case of an extreme-
ly complex traffic situation with a large number of interactions, the
computation required approaches by Eulerian techniques.

"Study of Electronic Devices as ",I‘raffic Aids: Anﬁual Report.'" Trans-
portation Engineering Center, Report No. 202-1. Engineering
Experiment Station, Ohio State University, July 1962.

A coordinated program of research on the use of electronic devices
as traffic aids has been pursued by The Ohio State University's Engineer-
ing Experiment Station, since 1959. Two earlier reports have been
issued. The following accomplishments of the past eight-month period
are provided in the following:

1. Progress in traffic dynamics with a view to the des1gn of logic
system can be summarized as follows:: : :

(2) The IBM 1620 computer was: programmed to 31mu1ate car-
following and platoon dynamics through the use of the Hermann Equa-
tion which states that acceleration is proportional to the ratio of rela-

- tive velocity and headway - A = C (RV/H). The behavior of the first

car is specified and motion of the following cars depends on time lags .
and bounded acceleration rates. Simulation’ continues unt1l a colllsmn
or a stable platoon situation is reached. =

(b) The Block Systems Dynamics have been analyzed for a servo-
mechanism approach. Such a system activates blocks in a highway after
the vehicle passes these blocks. - Use of servo-mechanisms with the
block system considered was found to be unsatisfactory over the range
of velocity and traffic conditions normally encountered in h1ghway
traffic. E
- {c) The logic circuits and electromc circuitry. of a rear zone of
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vlnfluence control system have béen. developed

(@) - The mathematlcal model of the passmg maneuver for the two-
lane highway is writtenin terms of computer operatlons It encom-
passes the velocities, platoomng, and acceleratlon :

(e) A system for measurmg and recordmg hlghway data has been
developed. ThlS system ls based on a fme wire stretched across the
hlghway ' ‘

2.- The dr1v1ng task has been exammed W1th a view: to the deS1gn )
of electronic: systems. . 'I‘he followmg results 1nvolv1ng the dr1v1ng task ‘
were obtained: o :

(a) The early model of the. drlver veh1c1e system placed the role
of the driver as that of an error signal amplifier in a linear continuous
feedback control system. Further research has shown that the driver
reacts to both veloc1ty and acceleration and is better explamed as an
1ntegrator as well as an amp11f1er on the error signal.

(b) Dr1v1ng srmulator studies for the s1ng1e lane car- followmg
situation show that the driver makes changes on the basis of decision
points. These dec1s1on points may be a subconscmus phenomenon.

(c) Driver var1ab1l1ty studies were conducted on the stopping of a
vehicle. Fatigue, _dr1v1ng experience, and the type of stop were in-
vestigated. Although 1nterest1ng relationships were found with exper- -
ience and type of stop; the general hypothesis that drivers will attempt.
to minimize the rate of change of deceleratlon and will not exceed a
maximum’ deceleratlon was supported ' '

3. A study of . the appllcatmn of electronlc control dev1ces has
been initiated and has investigated possible use in various highway
situations, and under various degrees of application.  The need for
specific cr1ter1a for the use of electromcs 1s po1nted out

Lewis, Russell M. , M1chae1 H, L., ”The S1mu1at1on of Trafﬁc Flow
to Obtain Volume Warrants for Intersectlon Control, ' Presented
at the Annual Meetmg of the H1ghway Research Board .'Ian 1963

Several methods -of trafflc control have been developed for inter -

sections. These include the basic right-of-way rule, stop signs, and

various types. of traffm signals. General warrants have been proposed
for these methods of control based on vehicular volume, pedestman
traffic, accident records and other factors. These warrants were

developed in part from emplrlcal data, but in some cases are little’

more than "rules of thumb." While significant effort has been devoted
to the determination of warrants for fixed-time trafﬁc S1gnals, spe-
cific warrants for actuated signals are 1ack1ng '
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One of the foremost problems in the dev_e.lepment of warrants is

the difficulty of determining the specific behavior of a general class of

intersections. Computer simulation, however, offers tremendous
possibilities"ih this area. Digital simulation possesses some unique
properties when compared with more conventional methods. It has the
important advantage of brmgmg the traffic facility into the laboratory
for study under practically limitless conditions. Precise control of
the dynamic traffic process can be maintained and many unwanted
variables eliminated. :

Kell, J. H "Intersection Delay Obta‘iried‘b'y Simulating Trafflc on a
Computer, " Traffic Flow Theory, H1ghway Research Record 15,
- January 1963.

The paper reports on a digital simulation model and how it was used

to develop volume warrants at a four-‘vl‘egged,‘ right-angled,intersection'

of a high volume major arterial sheet with a lower level minor arterial
street. The major street had four travel lanes, the minor street had
two travel lanes plus parking. Both were two way streets. Delays
were measured and used as cr1ter1a for estabhshment of warrants

Wohl, M., and Brand, D. ”App11cat10ns .of Simulation to H1ghway
Traffic Design," Department of Civil Engineering, Massachusetts
Institute of Technology, March 1963.

Saal, C.C., "Simulation of Highway Traffic by Computer, " Georgia
Inst1tute Technology-School of Civ. Eng Georgu.a H1ghway Con-
ference, 12th-Proc. 1963. '

Ruiter, E.R., "The Effects of Random Ti'affi.c on the Aceuracy of the
Vehicle Simulation and Operating Cost System.' Massachusetts
Institute of Technology, Dept. of C1v11 Engmeermg, Research
Rept. R63 3, July 1963,

This report describes a preliminary investigation of the effects
of traffic interference and congestion on the accuracy of the "Vehicle
Simulation and Operating Cost System. " Presently, it is assumed that
the vehicle population traveling over a glven highway can be represent-
ed by a sample with each vehicle in this sample having only one limit-
ing speed profile. No allowance is made therefore for variations in
average speeds from one vehicle to another within a given class. This
investigation attempts to determine the criticalness of variations in
average speeds within a vehlcle class and how these variations affect
operating costs.

®
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The Vehicle Simulation and Operatmg Cost System serves as an
aid in the determination of highway user costs by calculating the costs
of fuel and of travel time for a given section of ahgnment This is ac- .
complished by modelmg or simulating the operation of a vehlcle and
determining the associated costs involved in the movement. Vehlcle

‘operating costs are a direct function of vehicle road speeds, engine

RPM, vehicle tract1ve effort, and percent of full engine load. These
four items are in turn directly related to certain highway design char-
acteristics selected by the engineer. These characteristics include
the vertical allgnment of profile, the unbalanced side force caused by

 curves, the pavement type, and the operatlona.l restrictions placed on

speed. The programs within the System- take the above des1gn char-
acter1st1cs on engine performance into account These consequences
are then converted into assoc1ated costs. - : v

The effects .of dlstr1but1ons of- speeds are analyzed in detail by

- comparing the average operating cost of the average speed for a num-

ber of speed distributions. The results indicate that these two quant-
ities are very nearly equal for all d1str1but10ns stud1ed

Kell J.H., “Results of Computer Slmulatmn Studles as Related to . :
Trafflc Signal Control " Proceedmgs Institute of Traffic Engineers,
~Aug. 1963. ‘ ‘ : ‘

The author reports on the results of 60,000 hours. of srmulated
real-time for a single intersection with various flow rates and S1gna1 :
control conf1gurat1ons A descrlptlon of the model and the vahdatmn
studies is included." :

Katz, Jes se'H ”Slmula.tmn of a Trafflc Network " Commumcatlons
of the ACM Vol. 6, No. 8, Aug 1963.

A brief but concise de3cr1pt1on of the TRANS s1mu1at10n, program
developed by Thompson, ‘Ramo Wooldridge to s1mu1ate traffic flow in

an 80 signal network in the Rock Creek Park area of Washmgton, D C.

Gerlough D.IL., "S1mu1at1on as a Tool in Traff1c Control System
Evaluatlon, " Proceedings of the Interdisciplinary Clinic on In-
‘strumentation Requlrernents for Trafflc Control Systems,. New
York, Dec. 1963,

The paper describes the simulation of an 80 signal network in
Washington, D.C. The formulation, operation and testing of the model
is discussed. The manner in which the simulation has been used to
evaluate and improve the signal control system in the area is also
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L 27,

25,

described.

Constantine; T., "Simulation by Electromc D1g1ta1 Computer, ‘f E
Traffic Englneerlng and Control, Vol. 5, 1964 '

Gerlough, D. L., "'Simulation of Traffic Flow, " AR Introducition to V
Traffic Flow Theory, Highway Research Board Spec1a.1 ‘Report
79, 1964.

This general discussion traces the development of simulation in
traffic engineering. A brief description of Monte Ce.rlo techniques is
presented, followed by examples of their application to several theo-
retical distributions. Descriptions are included of several models
which have been developed for mtersectlons, freeways, s1gna1 net-
works and tunnels. ' V

Blum, A. M. "A General Purpose Digital Simulator and Examples of
Its Application. Pt. III: Digital Slmulatwn of Urban Tra.fflc” '
IBM Systems Journal Vol 3, No. 1964 ' ‘

GPSS II, a general purpose digital system simulator, is described
and some examples illustrating its application are given. Use of the
simulator is discussed for problems associated with urban traffic
studies. Included are SImulatmn methods for intersections and net-
works, vehicular characteristics and input, and the network traffic
mechanism. The general purpose simulator is employed to write
a general traffic program used with data cards specifylng the geomet-
ry, signal settings, statistical distributions, and other deta1ls of the
particular network selected for 51mu1at1on '

Baker, R.F., "Developments in Traffic S1mu1at1on and Control i
Public Works, Vol 95, No. 3, March 1964. '

Well-balanced traffic research programs should' cover trafﬁc
surveillance, traffic simulation, and traffic control traffic surveillance

enables observation of traffic, and recording of data.on trafﬁc opera-

tions; traffic simulation allows traffic problems to be considered in
the laboratory; traffic control systems using electronic digital or
analog computers can use results of traffic simulation and surveillance
study techniques in developing control programs, thus prov1d1ng opti-
mum operation of street network. :
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‘Dawson, R, F., "'Analys1s of On- Ramp Capac1t1es by Monte Carlo Sim-

‘ulation and Queulng Theory, ' Joint Highway Research Progect
. .Purdue Umversrty, September, 1964 '

The research report is concerned Wlth the analys1s of the capac1-
ties of three different’ freeway on- ramp des1gns--name1y, on-ramps
with no acceleration lane and stop- sign control, on- ramps with no ac-
celeration lane and yield-sign control, and on- ramps with an accelera-
tion lane and no sign control. The study included the development of
criteria of defining both possible and practical capac1t1es, the develop-~
ment of a deterministic queuing model for predicting possible capaCIty,
the development of a Monte Carlo simulation model for the study of
ramp flow under varying traffic conditions, ‘the evaluation of vehicle
delays and queue lengths incurred by on-ramp vehicles for various
combmatlons of ramp and shoulder lane traffic volumes, and the eval--
uation of possible -and practlcal on- ramp capac1t1es for the three dif-
ferent ramp desrgns o :

Initial reSearch efforts were concerned with the development of
descriptors of the ramp situation.  The distribution of headways be-
tween ramp vehicles was described by a hyper-exponential model. All

‘ramp vehicles Were assumed to enter the ramp system at a constant
speed, controlled by the critical geometry of the area rather than by

traffic. Ramp vehicle behavior in the system was defined by four fac-

tors--the. spacmg relationship with the precedmg vehlcle, acceleration-
- deceleration capabilities, the availability of gaps in the shoulder lane,
“and d1str1but1ons descrlblng gap acceptance phenomena

Shoulder-lane headways were descr1bed b'y a sh1fted-exponent1a1
model. Each shoulder-lane vehicle was. ass1gned a speed upon entry

" into the system that was dependent only upon'the volume of traffic in the

shoulder lane. It was further assumed that the shoulder- lane veh1cles
proceeded through the ramp area at the speeds and headway spacing
assigned at generation, w1thout any 1nterference from ramp traffic.

- The various trafflc descr1ptors were expressed in the mathemati-
cal mode and assembled for analysis into two different types of models--
a deterministic ‘queuing model for the analys1s of possﬂole ramp capac- .
ity, and a:Monte Carlo simulation model for the analysis of practical
capacity. ‘

Because both models were constructed in the mathemat1cal mode
they were readily programmed for computer solution. The programs

-were coded in the FORTRAN IV and MAP languages for the IBM

7090/7094 System and were run on an IBM 7090
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The results obtamed frorn the queuing-model analyms were re-
ported in graphical form. The possible capacities of each of the three
ramp designs were plotted as functions of shoulder-lane volume, De- .
lay and queuing characteristics for a wide range of ramp and shoulder-
lane volume combinations were obtained from the simulator. Practical
capacities were defined for each of the three map designs by analymng
the delay characteristics relative to the criteria established for prac-
tical capacity in the definition of the same. Queue storage require-
ments on the ramp were found by an analys1s of queumg character1st1cs
at pract1ca1 capacity volume levels L : : : :

Stark, M. C "'Su'nulatmn of the Arter1al Street, " Proceedmgs of the

Conference on Traffm Surve111ance, S1mu1at1on and Control
September 1964.

Describes the development of a computer 51mulat10n of a nine ,
block segment of 13th Street, N. W. in Washmgton, D.C. The model

- uses a cathode ray tube as an output device with vehicles represented

by moving dots on the screen. Movies of the screen face’ 1llustrate

the traffic movement in the svstem

Kell, J. H “Simulation of the Intersection, " Proéeedinygsi of theCon..
ference on Traffic Surve111ance, Simulation and Control Sept.
1964. Lo :

Reports on the simulation work done in the area of the single in- -

'tersection. Describes the steps in developing a simulation model and

the manner of representing traffic in the computer. A report on sim-

ulation of a signalized intersection model is included coverlng 100,000 -

hours of simulated real-time.
Gerlough, D. L. and Wagner, F.A. "Simulation of the Network, "
Proceedmgs of the Conference on Traffic Surve111ance, Simula-

tion and Control, September 14- 15, 1964.

One of a group of papers on various aspects of simulation. It

‘briefly describes the operation of the TRANS model for network simu-

lation. Testing of the model is also described. Comments by Mr.

Gerlough describe 'possible application areas for simulation models.

Watjen, W.D., "Computer Simulation of Traffic Behavioi' Through 3
Signals, ' Traffic Engineering and Control, Vol. 6, 1965.

This paper very briefly describes the development of a micro-
scopic model for intersection behavior which is then generalized into a
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three s1gna1 artenal system

Dart O. K., Jr. , ”Development of Factual Warrants for Left Turn
Channehzatmn Through Digital S1mulatlon, ',,' Doctoral Dlssertatlon,,
Texas A&M Umversﬂzy, January 1966 -

ThlS work mvolves a comp}.ete f1e1d and s1mulatlon study of the -
mtersectwn area. The s1mu1at10n ‘model used is a’ ‘microscopic car-

following- model.- The results are then used to determme volume levels . .

at which it becomes beneﬂmal to provu:le varlous types of left turn B
channehzatwn e . R , ,

‘St.. J ohn, A, D “Study of Trafﬁc Phenomena Through D1g1ta.1 S1mu1a-

- tion, " Fmal Report, Midwest Research Instltute Pro;ect No. RA-'.
- 13-P, Kansas Clty, May 1966 B ' S : .

The main features of and results from a’ diglta,l traffic s1mu1at10n .

are presented. The szmulatwn model, which is based on vehicle
- dynamics and human factor con51derat10ns, was developed to study

accidents in the freeway env:ronment -~ The s1mu1atwn treats follow-. |
ing and overtakmg maneuvers mcludmg weavmg and merging ‘The
results agree well w1th several types of experimental data.

Drew, D.R., Meserole, 'I‘ C and Buhr, J. H. s _"D1g1ta1 S1mu1at1on ofi V
Freeway Merging Operatmn, " Texas Transportatmn Inst1tute Re-
search Report 430 6, Feb 1967 R :

The first. part of- th1s report is a chscusswn of the techmques and :
procedures commonly used in- simulation ‘studies.  The second part _
describes a digital simulation program developed to model the opera-
tion of a ramp-freeway mergmg area. - :
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I, METHODS AND INSTRUMENTATION FOR MEASURING
' TRAFFIC CHARACTERISTICS

1. Johnson, A.N., '"Maryland Aerial Traffic Density Bﬁrvg'e'y', ' Highway : -
Research Board Proceedmgs, vol. 17, 1927

2. Greenshlelds, B D. , "The" Photographlc Method of Studymg Traffic
Behavior, ' nghway Research Board Proceedmgs, vol 13 pt I
1933, . .

3. Forbes, T.W. and Reiss, R., '35 M1111meter Airphotos for Study of
Drwer Behav1or, " H1ghway Resea.rch Board Bulletln 60, 1952

4, Wardrop, J. G. . s Charlesworth G ”Method of Estlmatmg Speed and
' Flow of Traffic from Movmg Vehlcle. " Instn C1v Engrs--Proc
‘ vol no. .1 Feb1954, : - P

- In order to measure traffic speed and volume, observers in a test
car- record their: journey times, count opposing traffic, and keep tally
of overtakmg and overtaken- vehicles. This method has become known .
as the ""moving vehxcle method'. Practlcal appllcatlon of this method ' S
and errors occurrmg in pract1ce are presented ‘ '

5. Mueller, E. A ”Recent Speed and Delay Instruments " Traffi'c 'E’ng
vol. 25 no. 3Dec 1954, ' : DR S

Rev1ew of dev1ces for use in traffic engmeerlng such’ as recordmg
speedometers, ‘apparatus for- sta.t1st1ca1 a.naly31s of veh1c1e operatxon,
electric counter boxes, etc S » 5 '

6. Berry, D.S., and‘Van Til, C.J., "Comp.a.rieon of Three Methods for
~ Measuring Delay at Intersectmns " Tra.fflc Eng vol 25 no. 3 Dec.
1954

Results obtained using a specially constructed delay meter, a
.sampling method, and a spaced serial photo method are presented and
compared.

7. Solomon, D. '"Accuracy of Volume-Density Method of Measuring Travel
Time." Traffic Eng vol.27 no. 6 Mar 1957.

@

Determining effectiveness of traffic control measures at intersections;
at usual intersection, travel time may be measured to within accuracy
of 5 to 10%; only 1.2 man-hour of field and office time are required to -
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10,

11.

to‘ meaéﬁré traveljime; on ‘Single intersection -a'p'p,roaéh during one hour,
required equipment included pencil, paper, hand counter, and wrist
watch, ‘ : : .

Wohl, M., ""Vehicle Speeds and Volur_hes Using Sonne Stereo Continuous
Strip Photography", 'T;raf,ﬁc;Engineerin'g, Jan, 1959,

Wohl, M,_ and Sickle, SM ) 'nGonvtinuous‘ ’Stiﬂip,Phbto’graphy - An Approach
to. Traffic Studies, ' Traffic Engineering, July, 1959, :

Ellson, P.B,, -'-'Quéueing'—tirne Indicator for use in a.vMovi'ng Vehicle. " -

- Instrum. Pract., 13 (7), 1959, o

This paper, WthhWaS prepared .,a.tithéV:I_i{vdlad’Re_sea.rch Laboratory,

'Harmondsworth, described and illustrates apparatus for assisting -

observers to measure and analyze journey-times at intersections. The:
observer is provided with a small panel on which the journey log-sheets

are held; push-buttons on.the panel are pressed. at each stop and start

of the vehicle while it is queueing and a change-over switch is operated

as each new section of the route is entered. The required queueing-
times and journey-times, which are indicated by electric digital registers
set in the panel, are copied directly onto the log-sheets and the registers
are then reset to zero. The indicator consists basically of a half-second
contactor clock which gives ‘electrical impusles that are fed into the _' '

register, Full detail:s‘ are given of the _éle.c;’trica,l-equiPm’ent} L

A Tfafﬁc A.n’alﬂyzé:r'_:_ .". lt's ."Dé.vé_lopment a.ﬁd‘App'l‘i.c'at_:ionv;r, _‘ Ta.ragin,A. , and

Hopkins, R. C., Public Roads, Vol. 31, No. 5. Oct.. 1960,

This article gives a detailed explanation of an electronic instrument.
called the Traffic Analyzer. Originally developed in 1948, ‘numerous
changes were made and studies were made with 24 'stat'e?highwaly'de-?-
partments, city and county authorities, and a number of universities,
These studies ranged from simply obtaining speeds of all vehicles
simultaneously in féur' lanes carrying h'eavy..tra_.fﬁg volumes to very
comprehensive studies ‘involving weaving and merging. Special studies
were made in Chicago, Detroit, Los Angeles and in several areas in

. Texas.

A high speed electronic computer was employed to analyze data,
Other uses for the analyzer equipment were studies -of the effect of
traffic operation.of various shoulder. widths and types, the e»ffectiof
edge markings on traffic, lateral placement guides for road tests,
effect of median dividers on driver behavior and highway capacity and

the truck equivalent factor on various highways.




It is felt that future uses of the equipment will involve checking of
manual, photographlc, and other traffic recordmg techmques. It is
also reported that additional units featurmg radical changes in design @
are presently being developed.
12, Auer, J.H., Jr., "A System for the Collection and Processing Aof , . 7L
Traffic Flow Data by Machine Methods. " nghway Research
Board Bulletin 324 1962,

13. Tamburri, T.H. ”Cahforma ] Aer1al Photography Inventory of
o Freeways, " Paper presented at 42nd nghway Research Boa,rd
Meetmg, Jan., 1963. :

14. Rice, J.F. , "Adoption of A.er1a1 Survey Methods for Traffic Opera-
‘tions, " Paper presented at 42nd nghway Research Boa,rd
Meetmg, Jan., 1963 :

15. Wagner, F.A., Jr. and May, A.D., Jr., "The Use 6f'Aeria.1 Photo-
: ~ graphy in Freeway Traffic Operatlons Studles, n Paper pres ented
at 42nd Highway Research Board Meetmg, Jan, 1963

1}”6'. 'Wooton, H.J., ”Collectmg and Analysmg Traffic Data Automatlcally "
' ' Traffic Eng & Control vol 4 no. 10 Feb. 1963

&

The paper descr1bes a method of c'olle:ct’mg'mforniatiOh con-
cerning flow, speed, acceleratmn, class, dLrectwn and headway of
vehicles from time pattern a vehlcle creates. in crossmg two closely

.spaced detectors. Calculations were analyzed usmg Ferranti
- Pegasus electronic computer. :

17. Howes, William F., ”Photogramnﬁetrlc AnélySis of ‘Trafﬁc Flow
Characteristics on Multﬂane nghways, " Purdue Umvers1ty,
July 1963 : : ,

18. Edholm, S. and Kolsrud; B. ".Measu'r’ing' Journey Time by a Photo-
~graphic Method. ' Svenska. Vagforen, Tidskr., 1963. (In Swedish).

A method is described for studying traffic passing along a short
road section. - Two cameras, placed at each end of the section, photo-
graph both the passing vehicles and a clock which shows the time in tenths
of a second. A slow vehicle'is photographed every ‘time one of its
wheels passes a pneumatm detector which is laid dlagonally across the

road; fast vehicles are only photographed once. From the film, infor-
mation such as reglstratzon number, driving direction, vehicle type,
and times of entering and leaving the section, is transferred to punched
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20.

21.

22.

- 23,
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26.

4 obtamed by a ground based observer

'Zu_pa.nic,k, JE ‘ ”Veh1c1e Cla.sszflcatlon Sensors for A.utoma.tlc Traffic

cards. The information can be used for calculating traffic flow, vehicle
density, Journey ‘times and speeds, number of- overtakmgs and meetings,
and for studying queues. ‘ :

McCasland,- Wm. R,, "Comparison of Two Techniques of Aerlal Photo-
graphy for Appllcatlon in Freeway Trafflc Operatlons Studies',
" Texas Transportatmn Instrtute Report Pro;ect 2-8- 61 24, March
1964. : . S :

The two techmques of aer1a1 photography descrlbed and a,nalysed
are some stereo. contmuous str1p photography and conventional aerial
photography with overlappmg pictures.  The data collection and’ re-
ducting techmques are described and the results compa.red w1th that

Chrlstensen, A. s a,nd Hewton, J T. "Developments of Conventlonal
‘ Ground Ba.sed Detectors, " Proceedmgs of the Conference on
Traffic Survelllance Simulation. and Control, Washmgton, D. C.
Sept 1964 ‘

Control", Proceedmgs on the Conference on Traffic Surveillance,
Simulation and Control, Washington, D. C. » Sept. 1964,

Norder, H. '"Proposed Research in More Sophisticated Ground-Based
~ Detectros, " Proceedings of the Conférence on Traffic Surveillance,
Simulation and Control,'Washington, D. C° , Sept. 1964,

Jordan, T.D. ”The Sky Count Program for Highway Systems Manage-
‘ment, " Proceedmgs of the Conference on Traffic Surveillance,
Simulation and Control, Washington, D.C., Sept.  1964.

Forbes, T.W., Mullin, J.J., and Simpson, M, E., "Traffic Data
Acgquisition from Air Photos by Modified Conventlonal Methods, !
Proceedings of the Conference on Traffic Survellla.nce Simulation
and Control, Washmgton, D.C., Sept 1964,

Morrlson, H, ”The Electromc Computer as. an Aid to Tra:fﬁc Data
. Acquisition",- Proceedmgs of the Conference on Traffic Surveillance,
S1rnu1at10n and Control Washmgton, D.C. Sept 1964 '

Baggott T.A. ”Trafflc Data Acqulsltlon from Aer1a1 Photographs by
Photographlc Image Processing'’,. Proceedlngs ‘of the Conference on.
Traffic Surveillance, Slmulatlon and. Control Washmgton, D.C.

Sept. 1964, . :
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Frank, J.D., ”Trafflc Data- Acquisition from Aer1a.1 Infrared Irna.gery” C
Proceedings of the Conference on Traffic Survelllance, Slmulatmn
and Control, Washmgton, D.C., Sept. 1964, '

Buhr, J.H,, Drew, D.R., Wattleworth, J. A., and W1111ams, T. G
Texas: Transportatwn Instltute Resea.rch Report 430 1, Dec. 1966

ThlS paper 1ntroduces the res‘earch pro_]ect entltled "Gap Acceptance
and Traffic Interaction in the Freeway Mergmg Process'' which forms a -
part of a four-year prograrn on freeway mergmg undertaken by the Bureau
of Pubhc Roads. : :

Fleld studies for the collection of data were performed on a nation-
wide basis at a number of selected entrance ramps, utilizing an aerial
photographic techmque. This Technique, the data reduction methods
and the study sites selected are described in detail. Data editing
routines and the analysis of the data for basic traffic parameters are

"discussed and some of these parameters used to illustrate the merging

operation at each study site. THhe qualitative effect of various geo-
metmc elements on the operation as mirrored by the traffic parameters
of volume, den31ty, speed and acceleratlon no1se are discussed.
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