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Recap of Lecture E.10

Operational analysis of signalized intersection
* Step 4: Determine adjusted saturation flow rate
v Saturation flow (exclusive lanes in protected mode)

o Adjustments corresponding to lane width, heavy vehicles & grade, parking
activity, bus blockage, area type, lane utilization, left-turn & right-turn vehicles,
pedestrian-bicycle interference, work zone, downstream lane blockage, sustained
spillback

v Saturation flow (shared lanes in protected/ permitted
mode)

* Step 5: Determine proportion arriving during green
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Welcome to module E, lecture 11. In this lecture also, we shall continue our discussion about
operational analysis of signalized intersection. In lecture 10, we have spent a lot of time to
discuss about step 4, determination of adjusted saturation flow rate. How to get the base
saturation flow rate and then do the adjustments corresponding to various factors say lane width
to heavy vehicle and grade to parking to various other factors and then how to calculate the

shared saturation flow for the shared lane in protected and permitted movement.



How to calculate the saturation flow for shared lanes in protected and permitted mode and
finally step 5, how to determine the proportion of vehicles arriving during green. | also
mentioned to you about how step 3 and step 4, they work together in an iterative manner. That
means, we first try to get the trying to calculate the lane group flow and then somewhere we

know what is the percentage of left turning traffic or right turning traffic and other inputs.

So, we come back to step 4, get the values of saturation flow based on the given conditions or
under prevailing condition, go back and then do the remaining calculation for step 3, see
whether there is any change from one iteration to another iteration and keep on iterating

between step 3 and step 4 till we converge and get the lane group flow.

(Refer Slide Time: 2:28)
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Continued.......
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Operational Analysis of Signalized Intersection

3@375m Phase Diagram

Problem:

ey S,

. ! (A1) G=10s, | (A2) G=22s, | (B)G =16s,
170 . 200 900 120 y=2s,ar=2s | y=2s,ar=2s | y=2s,ar=2s
Crosswalk 1

2@36m Assume lost time/phase: 4 s
"~ Crosswalks 1 and 2 sees 85 peds/h and used

s 7/ DI | 2m :ﬂ'sgtr':::sﬁlﬁizerpasses are provided under EB
and WB approaches ‘
""""""" 2@36m

Assume the given through
175 'S and turning volumes are
adjusted for PHF

Non-CBD location Analysis Period: 0.25 h
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25 buses/h




Today, we shall continue as usual and discuss about the step 6 that is basically determine
capacity and volume to capacity ratio but before we go to step 6, step 7 and step 8, even step 9
in today's lecture, 1 would like to remind you about the same problem what we were handling
because ultimately we will tell you how to or what to do and how to do it in different steps but
then explain you the calculation with reference to the same example starting from step 1, we

are taking the same example.

So, just a quick look that it is a four arm intersection, you know that north south road is one
way road, south bound east west two way road, the underpasses are there on the east west road
and on north south road it is at grade crossing. So, the phase diagram also to just quick recap
on the phase diagram straight and right from the east approach, the west approach then the right
turn is closed, exclusive right turn is closed, opposing traffic we are allowing, straight and then
left under permitted condition because of the crosswalk and then in phase B, the northern

approach or the south bound approach is actually taken.
(Refer Slide Time: 4:31)
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. 1 I
Input data elements: | ! Jlk
1 I
S EB WB SB A 200 900 120
Direction
T|RT|LT|H || W|RT| _______ Nl
Demand flow rate (veh/h) | 1100 | 170 | 175 | 930 | 120 | 900 | 200
Initial queue (veh) ojlofofof[o]o]o MMM
Pyy (%) i) 10 O I B e
Platoon Ratio AEIRTENETNEREN -
Baylength(m) | 60 | 60 | 100 | 100 | 100 | 100 | 100
Approach grade (%) | 0 0 2
| Approach Speed (km/h) 45 45 45
|
}Analysis period duration (h)  0.25 0.25 0.25

Bay length: Length available behind the stop line for the vehicle queue
built up during the red time at an approach

Assume the given through and turning volumes are adjusted for PHF
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Operational Analysis of Signalized Intersection

Step 6: Determine Capacity & Volume-to-Capacity Ratio
Ci=NSi*(%) Xi=ﬁ

Ci
* Critical v/c ratio (X,) for intersection: X, = ¥;(%/s).; * (&)
¢; = capacity of lane group i, veh/h; N= number of lanes in lane group;

s; = saturation flow rate for lane group i, veh/h/In;

g; = effective green time for lane group i, s; C = cycle length, s

v; = flow rate of lane group i, veh/h; A

X; = vlc ratio of lane group i; ‘
Yi(Y/s).i = sum of the critical-lane group v/s ratios; v

L = total lost time per cycle, s
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These are the input data, we all used, we all discussed about this input data used many of the
data in earlier steps, up to step 5. So, with this background and with this example problem let
us now go to the step 6. In step 6, we want to calculate the capacity and volume to capacity

ratio.

First of all, how to calculate the capacity of lane group? Obviously, capacity of lane group will
be saturation flow rate for the lane group we have already calculated saturation flow. Step 4
was mostly on that, entirely on that not mostly but step 4 was entirely on that and with this
saturation flow rate, if there are N number of lanes, so N into Si but the whole cycle time is not
available its only gi by C for this lane group how much is the effective green time divided by
the cycle time. So, that is taken and that gives you the capacity of the lane group i.

ci=Ns,-*(%) Xl-=ﬂ

Ci

Critical v/c ratio (X.) for intersection: X, = ¥;(V/g) i * (C—EL)

Once we know the capacity of the lane group i, we have also calculated the flow rate for lane
group i in previous step, step 4. So, then we can calculate Xi that is volume to capacity ratio
for lane group i, so very clear cut calculation. Now we also need to calculate the critical v by
ratio that we are saying Xc for the whole intersection. How to calculate that? What we are using
here v by s flow for a particular lane group i divided by the saturation flow for that critical lane

group for lane group i, for the critical lane or critical lane group, for lane group i.

Now, for the critical lane group i, what is the v by s? And it could have been simply v by s,

sum over all i but then that means all lane groups together but remember that or note that, we



are using here saturation flow not the capacity. We are using the saturation flow, what is the
difference between the saturation flow and the capacity? One major difference is this
adjustment with g by C ratio effective green to cycle time because the saturation flow is per
hour but we do not get green all the time.

Here instead of lane group or considering the g by c ratio for the lane group we are taking the
volume to saturation flow ratio and then multiplying it for the overall cycle because we are
calculating this critical ratio for intersection. So, what is the intersection cycle time and
compared to the overall intersection cycle time, what is the effective green time that means
what is cycle time minus the total lost time for the intersection. So, | is the total lost time for
the intersection per cycle.

Now here obviously you can see it is g by C multiplied with the saturation flow. Here it is v by
s so saturation flow is in the denominator. So, it is multiplied with C by g rather than g by C.
As it is done here. So, very similar calculation so we can get the critical volume to capacity

ratio.

So, in step 6, we can calculate the capacity of every lane group, once we know that then we
calculate the, then we calculate the volume to capacity ratio for each lane group and then with
the knowledge of the volume and the saturation flow for the critical lane group in every phase
for the critical lane group, in every phase and then sum over i we can do and then multiply by

C by C minus | or C by g effective green time.
(Refer Slide Time: 9:46)
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Effective

Directio| Lane | Number | Flow Rate [Flow Rate| ~Si eh Capacity \Vic Ratio vis
n  |Groups| of Lanes | (tpc/h) | (tpc/hiin) |(tPC//in) “?m o) | toeh) Ratio
TH 2 1100 550 1584 36 1901 0.579 | 0.347

RT 170 170 1668 10 278 0.611 | 0.102

1
WB TH 1 576 576 1752 22 642 | 0.897 | 0.329
THILT 1 529 529 1448 22 531 0.996 | 0.365
THRT 1 390 390 1582 16 422 0.924 | 0.246
SB | TH 1 426 426 1728 16 461 0.924 | 0.246
1

THILT

404 404 1641 16 437 0.924 | 0.246

CEp-TH = N SEp-TH * (QHIT-TH)= 2 %1584 x (%)= 1901 tpclh

1100

VEB-TH
Xep-th = =—=0.579
EB-TH CEB-TH 1901

vis (EB-TH) = 550/11584 = 0.347
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Now coming to this same example problem, we know the direction, lane group, number of
lanes, flow rate we have calculated total flow rate and also flow rate per lane, flow rate per lane
is simply division of the flow rate by the number of lanes. Here only two lanes so it is becoming

half the all the remaining values are same because there is one lane in each lane group.

Then we have also calculated the saturation flow in step 5, step 4, the flow rates are known
after iterative procedure in step 3, effective green time is known from the total green time, lost

time, amber time, already time all these are known so you know how to calculate.

Now using this formula as shown in this slide 6, we can actually calculate then what is the
capacity. For each lane group, we can calculate it. Now we calculate the v by c ratio, volume
is known, flow rate is known, total flow rate tpc per hour, capacity is known tpc per hour, so
we calculate the v by c ratio. We can also calculate the v by s ratio, volume to saturation flow
ratio because in this case we are taking this flow or tpc per hour per lane divided by saturation
flow in tpc per hour per lane. So, you can get this v by c ratio.

I have shown one calculation for east bound through movement in number of lane two
multiplied by saturation flow for the east bound through movement, it is 1584, so multiplied
by 1584 into g by C, effective green time in 36 seconds, cycle time we know is given as 60
second. So, you calculate this capacity as 1901 and once you know the capacity, we know the
flow is 1100 tpc per hour. So, 1100 by 1901 .579. We can also calculate the v by s ratio volume

is 550 tpc per hour per lane divided by 158, you can see here tpc per hour per lane.

So, you can definitely see here as we expect our v by s ratio will be lower than v by capacity
ratio because capacity will be less than the saturation flow due to this effective green time
availability within the whole cycle time not the whole cycle time is available for green, it is
only the effective green times and the effective green time to cycle time ratio, that is what will

come so accordingly this will be different.

(Refer Slide Time: 13:00)



Operational Analysis of Signalized Intersection

Critical-lane Group v/s Ratios = _’, ’&\
+ 2 2 Y »
__________ Ring Diagram (A1) (A2) ®)
0.102 0.102 +0.329= 0.431 Phase Diagram
9A1 N or
__________ 0.102 + 0.365= 0.467 : » c
.47 o Intersection X, = Y;("/s)ci * (—)
— C-L
T ot 0.347 .
o = 0Ae X =(0.467 +0.246) () = 0.891

Ao

o8 {i 1 i\ (*/s)ei = 0.246

Yi(Y/s)ci= 0.467 +0.246 = 0.713
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Now as we have got the critical ratio critical flow ratio, say for example, this right turn straight
left turn, left turn shared. Now phase Al 2, the common is the through movement east bound.
That will continue. So, | have written here the v by s ratios, so you can get it there. So, all these
ratios are given here. So, we can calculate actually then what is the sum of v by s ci, why we

are taking v by s ci because we want to calculate the critical v by c ratio for the intersection.

So, that is our objective. So, that is why we are calculating because individual flow rate what
is Xi volume to capacity ratio and volume to saturation flow rate that we have calculated. Now
you want to identify what is then v by s for the critical one ci, critical one. So, sum of critical
lane group v by s ratio. So, what is the critical lane group? Now how to calculate critical lane
group? How to calculate the critical lane group? Here | have shown you the phase diagram, so

what we want to do because the straight is continuing.

Now here for phase Al and phase A2, the sum of critical lane group ratio v by c ratio, how we
calculate v by s ratio, how we calculate we can take either 0.102 plus 0.329 because there are
two movements which are happening to 0.102 plus 0.329 in the shared lane or 0.102 plus the
straight lane, straight exclusive lane 0.365 or point maximum of 0.102 and 0.347. So, now out
of all these whichever will be the maximum that will be the critical volume to saturation flow

ratio critical v by s ratio.

So, | repeat again 0.102 plus 0.329, so we are taking the right turn in phase A1l plus the shared
through and left in Phase A2 or phase 1 right turn plus phase 2 or A2 straight through lane,

through lane exclusive or maximum of right turn and through. All these combinations are valid.



So, out of that we know the 0.467 that means 0.102 and 0.365 this summation is maximum.
So, v by s critical for phase Al and A2 together why we are calculating together, you should
be clear because the straight is you know continuing in both phase Al and A2. So, you get this
v by s ci and for phase B, all 0.246. All the cases, if you go back you can see here through right
0.246 through 0.246 through left also 0.246. So, anyone we take it is 0.246.

So, then what will happen 0.467 plus 0.246 that sum over v by s ci, multiplied by ¢ by effective
green time. So, 60 divided by 60 minus 12. So, you can calculate Xc, so, | have also now
calculate Xc, so I could calculate ci, | have shown you how to calculate Xi and also calculate
then Xc. How to identify with this individual v by s, how to then identify the critical one and
then using that how you can calculate the intersection wise v by c ratio. So, that completes step
6.

(Refer Slide Time: 18:29)
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step 7: Determine Delay PF = progression adjustment factor

. = flow rat
* The control delay for a given lane group: ‘; R B
= proportion of vehicles arriving

d=d+d, +d, during the green indication
Uniform Delay (d,) . g= effective green time (s)
0.5C (1 -4 /C) C=cycle Length (s)

< Sen [min(1,x) + 9/]

Discussed during planning level analysis & PF was taken from a table =

C
it x1+y1_P_
1_9/C 1-[min(1,X) *P] 1_H/C
y =min(1,X) g/C
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Now going to step 7, here we try to determine the delay. Now this is control delay and | have
told you earlier that there are three components d1, d2 and d3 and the total control delay will
be d1 plus d2 plus d3. What d1 gives? d1 gives uniform delay, please recall our discussion
about the uniform delay and the assumptions what we made uniform arrival then d2 takes care

of the incremental delay because in reality it will not be uniform arrival.

So, because of that some cases some of the cycle may fail or even for a longer time also there
could be sustained cycle failure because volume to capacity ratio will be higher in general and

the third to account for initial queue delay.



Now to explain or discuss this further, first about the uniform delay you are again familiar with
this equation, I have used this equation when | mentioned to you earlier about the control delay

and showed you the planning level analysis.

0.5¢(1 - 9/6)2

1- [min(1,X) . g/c]

d1=PF

Only thing that they are from a table we picked up the value for this PF which is the progression
adjustment factor but in this case since it is operational level more detailed analysis, there is an
equation which may be used to calculate the progression adjustment factor for a given situation
and it all depends on various variables as you can see here, all the variables are known to you.
So, | need not explain to you again. So, a equation is given and using that equation you can

calculate the PF.

C

pr="P 1-y x |1+ 17"
= - y—
1-9/, 1-[min(1,X) «P] 1-9/,

y =min(1,X) g/C

(Refer Slide Time: 20:27)
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Incremental Delay (d,)

> d, =9oor[(x—1)+ ﬂ(x—1)z +%‘l

T =analysis period, h
* Incremental delay factor (k): To account for the effect of controller type on delay; 0.50 for
all pre-timed controllers; different values for actuated controllers

* Upstream filtering/metering adjustment factor (I): To account for
the effect of an upstream signal on vehicle arrivals to the subject
movement group- reflects the way an upstream signal changes the
variance in the number of arrivals per cycle. The variance
decreases with increasing vic ratio; | = 1.00 for all individual
intersection analysis
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Second part is incremental delay, this also you are again familiar with this component d2, the

basic equation is very similar. Of course, there are some changes like they are always we



consider as T, the analysis period has 15 minutes so 900 into 0.25 that value directly was

mentioned here and in this case also it was simplified.

8kIX

d, =900T |(X—1)+ (X_1)2+T
The whole overall equation was used in a simplified form, the basic equation is same but it was
used in a simplified form. We did not have this two variables one is k another is I. So, the they
were not present there in that equation, you can check the previous lecture and once again try

to refresh your understanding.

So, what are these two factors k is actually called incremental delay factor. Now why we are
considering this? This is considered because we want to account for the effect of controller
type on delay and you remember there are different controllers that could be used, so it could
be a pre-timed controller, it could be actuated controller depending on what kind of operation

you are aiming for.

So, or what is the existing operation, how presently the intersection is operated. So, generally
the value is 0.5 just for example for all the pre timed controller highway capacity manual tells
you more details about how to get the values under for actuated controller and some of the

discussion probably we will also make, when we talk about actuated signal control.

So, to account for the effect of controller type on delay. Now what is I, | is something again
interesting, it is called upstream filtering, upstream mean what? It will control arrival pattern it
will control. So, upstream filtering or metering adjustment factors? Why we use this factor? To
account for the effect of an upstream signal, what it will control? It will control the vehicle

arrival to the subject movement group.

What is the effect of upstream signals on vehicle arrival of the subject movement group and
this reflects the way an upstream signal changes that will impact the variance in the number of
arrivals per cycle. So, how the discharge is happening from the upstream signal and how the

vehicles are actually arriving.

So, obviously the effect of upstream signal will have impact or reflection on the way an
upstream signal changes and its impact on variance in the number of arrivals per cycle, in the
intersection we are trying to analyse. Now this variance obviously will decrease with the

increasing v by c ratio because heavily loaded intersection this variance will decrease obviously



and you can take it simply as one for all individual intersection analysis. In this case let us use
that.

(Refer Slide Time: 24:16)
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Initial Queue Delay (d,)

* If there is no initial queue at the start of analysis period then d, = 0 (Details in

PO Joctaws) dy; = approach control delay for approach

Approach & Intersection Delay Estimates  (siveh), d; =control delay for lane group i
E"‘i d.v; (siveh), m; : number of lane groups on
i=1 "t

Aj = Tamp

Emj - approach j, v, = flow rate for lane group i
i=1 i

* Intersection control delay is computed as
_Ldw

d’—z_v
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Now the third part is to account for the initial queue at the start of analysis period. Remember
that what we said that when you are starting the analysis that time also the queue may not be
0, you may have some queue from the previous analysis period, end of the previous analysis
period or when you was just starting your analysis period for the present work. So, if there is
any initial g that effect we need to take care through this d3. But for the moment at this stage
let us assume that there is no initial queue at the start of analysis period. Again, we will discuss
this more how to calculate this d3, what are the consideration in the next lecture. So, for the

moment just assume it as 0.

So, theoretically now you know how to calculate d1, d2 and d3 that means how to calculate
uniform delay, incremental delay and then initial queue delay. Now once you know that, then
the next step is we want to calculate the approach and intersection delay, how the delay will
happen approach wise and also for the overall intersection. So, if you take a particular approach
dAj, then that will be sum over di vi what is i? i stands for lane group i, and sum over so all
lane groups we are considering.
dy; = Z:::idivi
' Zizll Vi
If there are mj number of lane groups then i, equal to sum over i equal to 1 to mj di vi that

means what is the control delay for lane group i? Multiplied by what is the volume in lane



group i, sum overall lane groups so that gives you the aggregate delay divided by flow rate for
lane group i and sum over again all i, so i will be 1 to mj, so that will give you average delay.
Average delay obviously, if we are using control delay it will be average control delay per
approach.

Now once you know that, then how the overall intersection delay can be computed? Overall
the intersection delay will be di vi that means control delay for lane group i, vi is the flow rate
for lane group i divided by sum over vi. So, the first one for approach delay for approach j and
the second one is actually for the intersection control delay. All the volumes and overall

intersection we are considering.

_ xdv;

d
! Xv;

(Refer Slide Time: 27:50)
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. Proportion | [ ‘
G2 g Lane | Number : arriving
Direction Groups |of Lanes Rate |vic Ratio during green PF di(s) = dafs) | ds(s) | d(s)
(perh) ®)
B TH 1100 | 0.579 0.600 1.00 14 1.3 86 |
RT 170 | 0.611 0.167 1.00 | 232 9.7 328 |

2 0
1 0
WB | TH 1 576 0.897 0.367 1.00 179 176 0 356 |
THILT 1 529 0.996 0.367 1.00 | 19.0 381 0 571
THRT 1 390 0.924 0.267 1.00 | 214 284 0 498 |
SB TH 1 426 0.924 0.267 1.00 | 214 26.7 0 481
THLT | 1 404 | 0924 0.267 100 | 214 | 217 0 494 |
[
| - Aowe Total Delay (s} | 4 - (11008.6 + 170+32.8 + 576'35.6 +
£8 19 520571 + 390'498 + 426481 +
w8 459 5 | A04*49.1)/ (1100 + 170 + 576 + 529 +
SB 49.0 390 +426 +404) =349 s
Int i 349
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So, overall intersection we are considering. So, now coming to the application I have told you
then how to calculate d1? How to calculate d2, d3 for the moment we will assume as 0. Then
how to calculate this approach and overall intersection delay using this two equations as given

here.

So, going to the example again, going back to the example again. Directions known lane group,
number of lane flow rate, v by c ratio also known, platoon arrival during green that is also
known, step 5, now we are assuming that PF equal to 1, PF actually you can it is not an
assumption you can calculate for the given data in all cases we got it as finally value minimum

of 1 or x either 1 or x minimum of into g by c. So, we got actually the overall PF value in all



these cases as one we calculate d1 as | have shown you here using this equation once you know

the PF then ¢ g by c is known X is known so everything you know it.

Similarly, you can calculate also the d2 and d3 you take as 0 and then the approach or lane
group wise, you can find what is then the delay. So, lane group wise if you know then using
that you know approach wise, number of lane groups on approach j, you take and here it is the
overall intersection di. So, here | have shown you the lane group wise delay and here I am
showing you how you can actually calculate the overall delay for the intersection. Say for
example 8.6 into 1100 plus 170 into 32.8, 576 into 35.6 like that you do it, you sum it over and

you get for the overall intersection delay that is 34.9.

And how you get this eastbound delay? It is again the you only take the lane groups which are
east bound. How you calculate the west bound? You take only the lane groups which are
westbound and whatever how you calculate here considering all the lane groups and volume
and the corresponding lane group delay. So, you can also calculate it and then I have shown it
here. So, you know now eastbound, westbound, south bound and for overall intersection what

is the control delay, total delay per vehicle.
(Refer Slide Time: 31:24)
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Step 8: Determine LOS Conrol | 105 | -0
Delay (siveh) | vic<1.0 10
® . . . 2
LOS F where v/c ratios < 1.00. implies a poorly ™ A F
timed signal or it may reflect a shorter protected | >10-20 B F
phase in a relatively long cycle length >20-35 c F
>35-55 D F
Lane LOS for
Direction = Groups | vicRatio | d(s) Lane %p’l’mm LOSforh >85-80 E F
(LG) Group | PelaY (s) | Approach [ g5 F F
TH 0579 | 86 A
E8 RT 0.611 328 c b g
TH 0897 | 356 c
WB  THLT | 099 | 574 ) Bsall] B
THRT | 0924 | 498 D
] TH 0924 | 484 D 49.0 D
THLT | 0924 | 494 D
Intersection - 0.891 349 LOSC
@ @ IIT Kharagpur | Traffic Engineering| Module E 13

Now once you know that the next step is determine level of service. How we determine the
level of service? Already you know, one condition is if the v by c is greater than one then it is
definitely f level of service f, the worst one. When v by c less than equal to one then depending

on how much is the control delay accordingly we can calculate the level of service.



So, here this is the table which is given. Now what we do, for each direction each lane group
we know the v by c. We know the control delay we have calculated from the previous step and
simply comparing the delay with the table we can find out which lane group is operating with

what level of service.

Then we can also calculate what approach considering the lane group within its this approach.
How the overall level of service for the approach and once we know the approach wise thing,
approach wise level of service we can calculate and we can also calculate considering the
overall intersection. What is the delay and therefore what is the overall intersection level of

service?
(Refer Slide Time: 32:55)
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Step 9: Determine Queue Storage Ratio

* Proportion of the available queue storage distance (bay length) that is
occupied at the point in cycle when the back of queue position is reached

* The back of queue represents the maximum backward extent of queued
vehicles during a typical cycle, as measured from the stop line to the last
queued vehicle

* Queue size includes only fully stopped vehicles

* Vehicles that slow as they approach the back of the
queue are considered to incur a partial stop but are not
considered to be part of the queue
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So, that up to the level of service. Next step 9, determine queue storage ratio. Here again it is
something interesting and you have to be careful to understand it clearly. What is the queue
storage ratio? You remember that earlier we discussed and told you whenever | was talking
about the inputs, I told you something about the bay length or how much, how long storage is
acceptable. That means when you are designing, operating an existing signal you are carrying

out operational analysis you want to know that how long the queue can go.

That is the bay length, storage distance, queue storage distance so proportion of the queue
storage distance that is occupied at the point in cycle when the back queue position is reached.
So, you have so much length available and what proportion of that length is actually occupied
by the queue storage. 70 percent, 80 percent, fully. The back of the queue represents the
maximum backward extend of queued vehicles during a typical cycle and you can measure it

from the stop line to the last queued vehicle.



So, queue size includes obviously fully stopped vehicle because two types of thing that a
vehicle two types of thing may happen, some vehicles obviously all vehicles will decelerate
and stop if the vehicle is stopping for all stopped vehicle there will be deceleration component,
a stopped component and an acceleration component. But there could be some vehicles which
will not have this stop, fully stopped vehicles but simply may be some deceleration and then

acceleration. No fully stopped condition.

So, some vehicles will have experience of full stop, some vehicle may not really stop fully but
may have only acceleration deceleration, fast deceleration and then acceleration and anyhow
all the stopped vehicles fully stopped vehicles will definitely have a deceleration and
acceleration. Now vehicles that slow as they approach the back of the queue are considered to
incurred a partial stop but are not considered to be part of the queue because they are not

stopped vehicle. So, there is a difference.

So, if the vehicle is slowing down and then accelerating without fully stopped condition, then
that will not be considered to be part of the queue but does it mean that unless it is 0, we will
consider that the vehicle is not stopped, no. Sometimes people use yes, that could be a
possibility I am saying fully stopped means it has to be 0. So, the time distance diagram may
show exactly horizontal portion but some cases a small speed is also taken as a threshold value

maybe 5 kilometre, 6 kilometre, very low.

So, if a vehicle is travelling as 5 kilometre, so once the speed becomes below the threshold
limit and as long as it will be below the threshold limit it may be 0, it may be two, it may be
four, it my threshold is 5 as long as the speed is less than 5 kilometre per hour any value
between 0 to 5, it will be considered as a stopped vehicle. So, people use many analysis is
carried out considering a threshold value but what we are saying not be considered as a part of
the queue, in that case even with deceleration, acceleration all these.

The speed is not going anytime below this threshold value. So, that is the difference between
stopped vehicle and vehicles which are incur a partial stop. We are saying partial stop means
not really stopping but they are slowing down in a way using certain deceleration.

(Refer Slide Time: 37:58)



Operational Analysis of Signalized Intersection

r g N, = number of fully stopped vehicles
N, = number of partially stopped vehicles
d,/2 4,2 '3 g, = queue service time (s)
’—] [ ] / g. = green extension time (s)

Stop Line A

q = arrival flow rate = v/3,600 (veh/s)
v = demand flow rate (veh/h)

a N L r= effective red time = C-g (s)
) N g = effective green time (s)
N,I C=cycle length (s)

l/g d, = acceleration-deceleration delay (s)

Time (s)

Time-Space Diagram of Vehicle Trajectory on an Intersection
Approach
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Now let us look at this diagram, this is very interesting this is a time distance diagram you have
already studied shock waves, so you know how the shock waves are created once the signal
becomes green. How the recovery shock wave is also created when the signal turns from red
to green and then after some time the queue will dissipate depending on the how much storage
has happened and how much is the green time whatever is the discharge rate. So, | am showing

something similar here.

Here the X axis is the time, y is the distance and let us consider, | am talking about 1, 2, 3, 4,
5, 6, 8 vehicles | am talking. So, | am talking about 8 vehicle trajectories that is what is shown
here. Now first 1, 2, 3, 4 vehicle 5 vehicle, first 5 vehicle in all cases there is either a small one
or a reasonable longer one, is this horizontal portion or as | said that even below a threshold

value also.

So, even though there is a little bit of movement but it is below the threshold still it will be
considered delay. So, 1, 2, 3, 4,5, 1, 2, 3, 4, 5, first 5, vehicles all these 5 vehicles actually
stopped considered as stopped, that means they eventually came to a speed level below this
small speed which is the threshold value and eventually also you got a flat curve showing that

vehicle is fully stopped.

Now the sixth vehicle and also up to any vehicle suppose there if there would have been a
vehicle up to this dotted line. Actually vehicle is slowing down, you can see here, it is not going
straight there is a curve but the speed never came below the threshold limit so yes there is an
impact, partial stop, partial slow down whatever you want to say whatever way you want to
say some impact is there but the speed never went below the threshold limit what we consider

to define fully stopped, partially affected but then seventh eighth cycle out of this even the solid



triangle, no impact just travelling and traveling exactly in the same speed without any
deceleration, acceleration anything just clearing seventh vehicle, eighth vehicle same. So, no

impact now, no impact of queue.

So, generally this dotted line, this triangle what it is showing? It is showing actually the stopped
vehicle as per our definition. It will be here we have considered a small threshold value. So,
maybe even just before it even becomes fully horizontal, we have marked that as stopped. So,
this is the, this part of the triangle side or this line showing when the vehicle just stopped and
the other line on the other side of this one, this is showing when the vehicle just came out of
the stopped condition. Just reached above that threshold value. So, this dotted triangle is

actually representing the stopped vehicle.
(Refer Slide Time: 42:30)
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9 %

1 Arrival-Departure Polygon (ADP)

Vehicles

Ny

t;= service time for fully stopped vehicles (s)

N, = number of fully stopped vehicles (veh/In)

q,= arrival flow rate during the effective red time = (1 - P) q Cir (vehls)
P= proportion of vehicles arriving during the green indication

q, = arrival flow rate during the effective green time = P g Clg (vehls),
Q, = queue size at the end of the effective red time = g, r (veh)
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Now with this let us go to the next one. Here the y is the vehicles, not really much difference
here we talked about the distance and obviously here you can calculate if we that for how long
is the stopped vehicles are there, fully stopped vehicles. It will be from this line to this line and

Np is number of partially stopped vehicle, some impact but not stopped fully.

That will be this line, so this to this, so that is what is shown as Np and the total number of
vehicle experienced any kind of impact either fully stop or partial stop, that will be fully
stopped vehicle plus partially stopped vehicle. So, together whole maximum distance
considering the solid triangle. Now with this we go here, here we are showing vehicles, this is
a time and vehicle the left line solid line, it is showing how the vehicles during the red time,
how the vehicles are arriving. This is the arrival line vehicle arrival representation. Obviously,

with time, it will grow and cumulative number.



So, even when the signal becomes green, then also there will be arrival but the arrival during
red and during green may not be same. You know it depends on the arrival type, so it may not
be same, it may be same, it may not be same. So, it is shown as Qr and Qg respectively and
some cases Qr and Qg may be same as well. So, this solid line it represent vehicle arrival first

portion showing during the red time and the second portion showing during the green time.

Now what is the departure one, departure is when there is red then the departure is 0. So, it is
flat horizontal then here the signal turns into green. Now obviously, this point where the flow
rate changes from Qr to Qg, if I draw a vertical line it will coincide with the start of green, this
is the point which is getting represented. Now discharge start, so discharge will happen and
this is showing the cumulative discharge and in this case within the green time the cumulative
discharge and cumulative arrival, they are catching up. So, that means there is all the vehicles

are cleared.

Now this is actually known as arrival departure polygon. Earlier case | have shown you only
an example of a triangle but here the arrival rates are different. There could be various other
conditions initial g and so many other possibilities could be there. So, it may give different
shape but there is always one arrival, another departure with some additional considerations.
So, generally we can call it as arrival departure polygon. Within this there is a dotted polygon
also. What that represents? Stopped vehicle, that is the representation of stopped vehicle as

exactly here you found, there is a solid triangle but within that there is a dotted triangle.

So, here you have a solid polygon within that there is also a dotted polygon, dotted polygon
indicates the stopped vehicle, represent the stopped vehicle. All the vehicles which are arriving
during red or during green may not really stop. So, it will be a separate one, a smaller one. How
much will be this distance? Like this point to this point or this point to this point, even in the
previous case also, this to this or this to this, how much will be the timed gap.

Time difference here also it is a time access. So, what will be the time difference? It is taken
as da by 2, what is da? da is the, | have shown here acceleration deceleration delay. First
deceleration and then acceleration. Remember these vehicle trajectories. So, it is basically
called as Xda is acceleration deceleration delay, half of that, this side half of that on the other
side as you have seen here, here also it is da by 2, there also it is da by 2. So, that is what is

shown here.

Now with all this representation then what will be the number of fully stopped vehicle? Up to

this tip of this dotted triangle that is the number of fully stopped vehicle. What is the rate time?



This is the rate time up to this. What is the green time? The next one? Within the green time,
there is one component is called gs which is going up to this plate starting from this point up

to this point, this point is what here.

What is the meaning of gs? gs is the green time to clear all the queued vehicles or all the
vehicles, | mean now there is no impact, no effect of queue because the departure and the arrival
and the departure car, they are meeting.

So, this point onwards in the green, it is only the vehicles which are arriving in the green
extension time, just clearing it. So, that is g, total time to required to calculate the fully stopped
vehicle? All these parameters you can calculate. So, what is the tf? tf is service time for fully
stopped vehicle that is shown here. What is this that? What is that? This time, so you can see

going here starting of green and taking up to this time, this dotted triangle.

How much time, so that much time it will take to take away all the vehicle from stopped
condition. That means when signal turns into green after so much time, tf time there is now no
vehicle which will be, so tf time is starting from here, you take look at this position carefully.
So, from this time da by da by 2 here, da by 2 on the other side and this one is basically the

green time.

So, it is starting from the green time, that is what it is. The gs and g but tf is starting from da
by 2 on the left side so it is actually starting from this point, carefully observe that, it is not at
the starting of green because at the starting of green means it will be this position not this
position. But this is the time, so from this point up to this point because the stopped vehicle
starts moving from this point and then finally up to this point or up to this time, all the stopped

vehicles start moving there is no stopped vehicle anymore. So, that is what it is.

(Refer Slide Time: 51:46)
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Step a: Determine Acceleration-Deceleration Delay
* d, is used to distinguish between a fully and a partially stopped vehicle

* This delay term represents the time required to decelerate to a stop and
then accelerate back to the initial speed
_ [0278(S,-S)1P (1 | 1 _[027845-5)2 (1 1 -
@7 2(0278+5,) (r,, rd) @7 2(0.278+45) (1 * 1.2) 1s
d, = acceleration-deceleration delay (s)
S, = average speed on the intersection approach (km/h)
S, = threshold speed defining a stopped vehicle (km/h)
r, = acceleration rate (m/s?)
r4 = deceleration rate (m/s?)
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Step b: Compute N;and t;of Fully Stopped Vehicles
*Ifd,<(1-P)gX, then

t; = service time for fully stopped vehicles (s)

_ ac(1-p-ptafy)
f = sl1-min(1.X)g]

= N; = number of fully stopped vehicles (veh/In)
& N=qr+q(t-d)

P = proportion of vehicles arriving during the
Otherwise, green indication

_ _ qC(1-P)(r-dg) - _
F~ slr-min(1.X)(1-P)g] & Nf g (r-d,+ tf)
q;= arrival flow rate during effective red time(r) = (1-P)qCir ,

vehls; qy = arrival flow rate during effective green time = PqClg,

vehls; s= adjusted saturation flow rate (vehls)

@ @ IIT Kharagpur | Traffic Engineering| Module E 18

So, how to determine the acceleration deceleration delay? It depends on the average speed of
the intersection approach, the threshold speed what | said and obviously the acceleration rate
deceleration rate. So, this is a simple formula which is given you can apply that and we have
applied it to our given problem to calculate the da value and then once the da is there, how you
can calculate the tf? My main intention is to calculate tf and Nf? How much time to serve the

stopped vehicle and Nf, number of stopped vehicles, fully stopped vehicles?

_ [0.278(S, - S,)]? ( 1 1 )

@7 2(0.278+%S,) \r, 14

So, there are two formulas given if da is less than one minus p into gx then there is one formula

for tf otherwise there is another formula for tf. So, similarly the tf and Nf both cases you can



calculate depending on whether da is less than one minus P into gX or otherwise. So, this

formula is given here.
Ifda<(1-P)gX, then

B qC(l—P—P*d“/g)

tr = s[1-min(1,X)g] & Ny =qrr + qqg (tf — da)

Otherwise,

_ qCA-P)(r-dy)
f ™ Slr-min(1,X)(1-P)g]

& NfZQT(T'_da'*'tf)
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Lane | Flow Rate . :
For EB: TH Lane Group:
Direction Growps | (pH] d | P [g(s)| X ‘(1'P)9X
- TH | 1100 91 | 060 | 36 | 0579 83 (1-P)gX=(1-0.60)'36" 0.579 =
RT 170 94 [047 ] 10 0611 54 83s<d,=91s
= TH 576 o1 [037[ 22 [0897] 25 | . _set-mido
THILT 529 91 [ 037 22 0996 139 ﬂ;;:::ﬂ:ﬁ]o.>
o [0 [ [eijar] e (e ] e
THLT | 404 | 91 | 027 | 16 | 0924 | 108 | Vr=a(r=da¥ty)=045°24-
9.4+7.9)=351tpc
Lane

Direction| Groups s (tpcls) (tp?:ls) el & (tp?:rls)‘ r 1 (tpchls)
TH [ 0440 045 |24 | 79 [ 045 24 | 045 | 3.5
RT | 0.463 | 0.05 | 50 46  0.05 50 | 005 22
TH | 0487 | 016 38 | 14.2 | 0.16 | 38 | 0.16 | 6.9
THILT | 0.402 | 015 | 38 | 16.7 | 015 | 38 | 0.15 | 6.7
TH/RT | 0439 | 011 44| 114 011 | 44 | 011 | 50
SB TH [0480 012 |44 | 114 | 012 | 44 | 042 | 55
THILT | 0.456 | 011 | 44 | 114 011 44 | 0.1 | 52
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EB

WB

Accordingly, I have shown here, the calculation east bound every land group flow rate, what
is the da known, P known, gs known, X also known. So, | have calculated one minus P into
gX, you are seeing two colours because some cases the first condition is getting satisfied this
one da less than equal to one minus P gX. Some cases this condition is not getting satisfied so

some cases you are using this set of equation; other cases you are using this set of equations.

That is what | have done, we have calculated it and here | am showing one minus P into gX up
to this calculation and once we know that then we calculate accordingly tf and Nf value
appropriately depending on this 1 minus P into gX whether it is less than greater than equal to

da or otherwise.

(Refer Slide Time: 53:59)



Summary

Operational analysis of signalized intersection

* Step 6: Determine capacity & volume-to-capacity ratio
* Step 7: Determine delay

* Step 8: Determine LOS

* Step 9: Determine queue storage ratio
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So, that is what, | have shown the calculation here and that completes my lecture. So, what we
discussed here basically step 6, how to determine capacity and volume to capacity ratio. Then
step 7, how to determine the delay, 8 with that control delay measurements how to determine
the LOS and step 9, how to determine the queue storage ratio, particularly the Nf and tf, number
of fully stopped vehicles and as | said, that how much time it takes service time for fully stopped

vehicle. So, with this | close this lecture. Thank you so much.



