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� The adoption of the BLM model (which was developed using the Split 

Pre-timed signal phase data only) for the dual phase settings, may cause 

errors. 

On the contrary, the Protected Pre-timed shows some improvement in 

terms of productivity with the IM option for some heavy traffic demand scenarios. 

The weakness of the IM option with split and dual systems may be beneficial for 

the Protected Pre-timed phase settings. The erroneous detection of incident status 

might have favorable effects in switching  green to the left-turning movements. 

To overcome this weakness the following measures are suggested: 

� The adoption of a relatively lower value for the coefficient of 

incidents within  the adopted BLM of this study. 

� The adoption of a separate BLM for the non-split type signal settings. 

For both split or protected signal control logic, the pre-timed phase settings 

performs better than that of the actuated logic in medium to heavy traffic demand 

conditions. The control decision time interval for actuated settings is a short 

interval (green extension time), but for pre-timed settings the decision time 

interval is maximum green time (the allocated green split time). The actuated 

settings can extend the green time frequently to the currently green phase set 

based on the last updated detector data, while the actual traffic demand might be 

already higher for other competing phase sets. The pre-timed settings do not 

extend green for the same phase set after its green split time (maximum green 

time). In relatively congested conditions, it may give green to every competing 

phases almost equally, if sufficient passengers demand has emerged on the 

competing approach links. This pattern of demand and control decisions can be 
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seen on shorter link lengths on the small and mix grid networks. This is why the 

control logic works better with pre-timed logic for small and mix grid network 

configurations.  

On the other hand, both split and dual phase settings without an IM option 

work better with the big grid network, when it is loaded with medium to heavy 

traffic demand. Longer link lengths of big grid network, when loaded with these 

traffic demands, can have sufficient passenger demands within shorter time 

interval. This might help the associated phase set to have a sufficient actuation 

index (in terms of numerical value) to become competitive with other phase sets.  

 

7.3 General Conclusions 

 The objective of this thesis is to devise, manage, deliver and document 

research on a newly developed distributed adaptive control system logic that is 

able to handle boundary conditions of recurrent, non-recurrent congestion, transit 

signal priority and downstream blockage. The control decisions of this control 

logic emerged with significant enhancement to productivity (in terms of Person 

Trips and Vehicle Trips) against the existing signal control systems in medium to 

heavily congested traffic demand conditions on different types of networks. Also, 

greater efficiency (in terms of Average Trip Time/Person and delay in 

seconds/vehicle) was achieved for relatively low to heavy traffic demand 

conditions with this control logic (using Split Pre-timed). However, it performs 

worse using the Protected Actuated logic. 

 As expected from the objective function of the control system, the logic 

should be biased to the phase set(s) with more transit priority calls or with the 
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status of incident condition. A significant increase in productivity in heavily 

congested scenarios come with increases delays. It is not uncommon that 

provision of transit signal strategy on the main flow direction should yield greater 

delays on cross streets that have no transit priority calls. In a heavily congested 

scenario on a larger road network, the increase in delay is compensated by a 

significant increase of throughput. 

 The signal control logic yields better productivity than existing signal 

control systems in a typical congested urban network or closely spaced 

intersections, where traffic demand can be similarly high on both sides at peak 

periods. It is promising to see how this signal control logic performs well in a 

network with a high number of junctions. This performance was rarely reported in 

the previous literature.  

The signal control logic yields better throughput (in terms of vehicles 

exiting the network in congested traffic demand conditions) than the actuated 

controller with free mode. This was reported in the literature as a reference to the 

actuated control system for better throughput than either actuated coordinated 

controller or transit priority coordinated systems.  

 The best performing phase settings of the signal control logic were 

investigated thoroughly, which is rarely reported with other adaptive signal 

control systems in the literature. The signal control logic has also been extended 

with the logic of pre-timed styled signal phase settings to create the possibility of 

an enhancement in productivity for heavily congested scenarios in a closely 

spaced urban network. The performance of this pre-timed signal control is 

impressive. An extension of existing pre-timed signal controls to act as an  

adaptive control has rarely been reported in the literature. 
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 The activation of the incident status module with the signal control logic 

yields an acceptable performance in most of the experimental cases, yet the 

control logic itself works better without the IM with the Split Pre-timed and Dual 

Actuated phase settings. The Protected Pre-timed phase setting displays 

advantages in  activating the IM in medium congested demand. 

 It should  also be noted that only the phase IDs are similar to the NEMA 

system. Therefore, any phase IDs and phase combinations could be used to avoid 

conflicting movements. Internal formulations and control decision check point(s) 

are entirely different from the existing control systems which have propriety 

rights. Also, the logic works on the basis of phase set only. Therefore, the logic is 

not dependent on any individual controller characteristics.  

 To conclude, this research has shown the potential for further productivity 

(and/or efficiency) enhancements in signal control systems under different traffic 

demand conditions. The integrated signal control logic works primarily to enhance 

productivity compared to existing base control systems for medium to heavily 

congested urban road networks. Also, the Split Pre-timed control system can be 

converted to an adaptive control system for further enhancement of throughput 

under medium to heavy traffic demand conditions. Comparable performances in 

both productivity and efficiency in lower traffic demand conditions was also 

observed. 
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7.4 Research Contributions 

The two primary contributions of this thesis are as follows: 

� Developing formulations for the urban incident detection systems. 

- The weaknesses of the existing urban incident detection model(s) 

were identified. A General Regression Model (GLM), a Neuro-

Fuzzy Model and finally, a Binary Logit Model were developed 

and validated in micro-simulation.  

-  The validated Binary Logit Model was integrated with the 

proposed integrated signal control logic as the Incident status 

module. 

� Developing and testing the formulation of the integrated control logic to 

maximize the throughput of passengers at intersections, and in turn, the 

productivity of the overall network. 

- Congestion, incident detection, transit priority and downstream 

blockage modules were developed to incorporate recurrent 

congestion, non-recurrent congestion, transit priority and 

downstream blockage boundary conditions. 

- The integrated signal control logic was interfaced with a widely 

used micro-simulation model and tested with different traffic 

demand and supply conditions for different cases of phase-settings. 

A relatively big theoretical road network with different geometric 

configurations was used for testing, providing results in terms of 

productivity and efficiency for  the proposed signal control logic in 

congested demand cases. The network used  for testing is bigger 
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than those reported in the extant  literature for TSPs and incident 

detection. 

- Further productivity enhancement cases of pre-timed signal phase 

settings was identified. The pre-timed signal control logic was 

converted into an adaptive signal control logic, instead of the 

typical green extension by actuated signal control. 

 

7.5 Future Research Directions 

Future research in  the following direction is suggested: 

� Improvement of the urban incident detection model: 

Urban incident detection models (GLM, Neuro-Fuzzy and BLM) 

can be further enhanced to improve performance. The detection 

model parameters can be further calibrated to reflect various 

incident locations, duration and severity levels. Also, different 

models can be employed for different phase settings.  

� Inclusion of downstream incident detection strategies: 

It may be beneficial to investigate what happens if a severely 

affected incident induced phase is not allowed to entertain any new 

vehicles during the incident. That means, the incident conditions of 

a downstream exit link are integrated with this signal control logic. 

Here, the control logic might deter to allow vehicles to enter the 

downstream incident link by not allowing green to the associated 

phases of the subject intersection. In this study, this situation was 

implicitly accounted for by downstream blockage boundary 
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condition, but it may be worth investigating the explicit accounting 

of downstream incidents. 

� Inclusion of network-wide incident clearance strategy: 

A separate module responsible for the network wide incident 

clearance strategy could be integrated with the developed signal 

control logic. The network here still refers to the sub-network of 

this distributed control system whose nucleus is the subject 

intersection. The incident clearance strategy could be built to react 

to the possible nature of queue formation due to an incident and 

according to its severity. Also, it might be worthwhile to include 

some appropriate rerouting strategies in this sub-network based on 

the severity of the incident.  

� Inclusion of LRT (Light Rail Transit): 

The provision of LRTs could be implemented either as a separate 

module or inside the currently developed transit priority module. 

LRTs could be given the same status as a high priority bus or it 

could be given an even higher priority than high priority buses. It is 

a common practice that the intersection which provides LRT in the 

middle of a road, typically, omits the left-turning movements for 

other vehicles. Thus, it is expected that split signal settings would 

be preferable to an LRT phase in order to enhance productivity 

output. 

� Inclusion of environmental parameter(s): 

From the perspective of sustainable signal control systems, it 

would also be interesting to see how the control logic performs 
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with air quality matrices as measure(s) of effectiveness and how 

the entire logic improves the computation timing of the associated 

machines compared to other centralized control systems.  

� Experiments with the protected phase settings: 

The control logic can be further extended with separate coefficients 

for the protected left-turning traffic demand. It can also include a 

probabilistic left-turning estimation model based on the historical 

traffic count data at the particular intersection. These measures 

might enhance the performance of the control logic with the 

protected phase settings in heavily congested demand conditions. 

� Experiments with the parameters of the signal control logic: 

The control logic can be further investigated with different 

parameter values. It would be interesting to assess the logic 

performance with other possible options, such as how it would 

behave if the maximum green time is set differently for each of the 

subject intersections, and what happens if the different phase sets 

of the same intersection are restricted with various maximum green 

times based on dominant traffic demands. 

� Experiments with arterial coordination: 

The logic could be applied for coordinating along a major arterial 

corridor similar to all other adaptive signal control systems. It can 

be done by making alterations to the base logic presented here. 

This allows the comparative performance of the logic compared to 

other adaptive control systems in similar operational environments. 
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� Developing a supervisory control system: 

Each signal control system (either existing base control or adaptive 

control) works better for specific traffic demand and supply 

conditions. Logically, there is no single adaptive signal control 

system that has a one size fits all solution. Therefore, it would be 

an idea to develop a supervisory interface under which all existing 

base and developed signal control logics are placed. This 

supervisory layer would select the best control system based on the 

prevailing boundary conditions, and traffic demand levels 

described by the detectors.  
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APPENDIX 1  
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A1.1 Update Module A (Traffic Regime State) for Phase ϕ�: 

{ 

Go to the approach link	(),J+,,/  of ϕ�; 

For any ϕ�, estimate 2̅),*+,,5,6/7 = Î�,�+,5/,�ý,� ×	ª�,�+,5/,�ý,� �Î�,�+,5/,�ý,� ×ª�,�+,5/,�ý,�
Î�,�+,5/,�ý,� �Î�,�+,5/,�ý,� ; 

if (ϕ� is even), then estimate 2̅),*+,,6,8/7 = Î�,�+,5/,�ý,� ×	ª�,�+,5/,�ý,� �Î�,�+,5/,]ý,� ×ª�,�+,5/,]ý,�
Î�,�+,5/,�ý,� �Î�,�+,5/,]ý,� ;  

if (ϕ� is odd), then estimate 

2̅),*+,,6,8/7 = Î�,�+,5/,�ý,� ×	ª�,�+,5/,�ý,� �Î�,�+,5/,�ý,� ×ª�,�+,5/,�ý,� �Î�,�+,5/,]ý,� ×ª�,�+,5/,]ý,�
Î�,�+,5/,�ý,� �Î�,�+,5/,�ý,� �Î�,�+,5/,]ý,�  ; 

if (2̅),*+,,5,6/7 <=0 OR 2̅),*+,,6,8/7 <=0 ), then  

  { 

   2̅),*+,,5,6/7 =0.01; // A minimum limit of stalled vehicles 

    2̅),*+,,6,8/7 =0.01; // A minimum limit of stalled vehicles 

  } 

Estimate CD),*+,,/ = 3.�©�,�+,5/ 	
ªD�,�+,55,6/� + 3.�©�,�+,5/

ªD�,�+,56,8/� ; 

// Set a maximum practical travel time limit of 90 minutes to avoid very large 

travel time.  

if (CD),*+,,/>= 90), then  

  { 

   CD),*+,,/=90;  

  } 

 

Estimate C),*+,,/3 = ©�,�+,5/ 	
ª�,�+,5/¨ ; 

Estimate CCE),*+,,/7 = §D�,�+,5/
§�,�+,5/¨ ; 

If (	CCE),*+,,/,,7 ≥ 5) then // The threshold adopted with	CCE),*+,,/,,7    

{ 



 

237 

 

Set E),*+,,/r,7 = 1; 

} 

else 

{ 

Set E),*+,,/r,7 = 0; 

} 

Call F),*+,,I/
7 ; 

Call F),*+,,I/
LMN ; 

Estimate B),*+,,/A,7 = A�,�+,5I/
�

A�,�+,5I/
6® ; 

} 
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A1.2 Update Approach Link Vehicle Count Function for Phase Ç� : 

{ 

Go to the approach link	(),J+,,/  of	ϕ�; 

// First, count the total vehicles on the whole approach link 

Estimate F),*+,,I/
LMN = (k�,�+,H,5/×©�,�+,H,5/			�		k�,�+,G,5/×©�,�+,G,5/		)©_  

//Set some conditions for the 'Standing Vehicle' Counts as estimated error 

in link vehicle counts. It occurs because of the departure vehicles with the 

detectors counts of detector 1 and detector 2, while the associated phase is 

'red' flagged 

if (E),*+,,/r,7
 =1), then 

{ 

Set	O),*+,,/A,7 = Upper rounded Integer of (1),*+,/,,/ + 1),*+,0,,/)/2; 

} 

else 

{ 

Set	O),*+,,/A,7 = Lower rounded Integer of (1),*+,/,,/ + 1),*+,0,,/)/2; 

} 

if (9),*+,,/,�A,7 + 9),*+,,/,�A,7 ≤ 3), then 

{ 

Set	O),*+,,/A,7 = 0; 

} 

if (9),*+,,/,�A,7 + 9),*+,,/,�A,7 + 9),*+,,/,�A,7 = 0), then 

{ 

Set	O),*+,,/A,7 = 0; 

} 

if (9),*+,,/,�A,7 + 9),*+,,/,�A,7 + 9),*+,,/,�A,7 + 9),*+,,/,�A,7 = 0), then 

{ 

Set	O),*+,,/A,7 = 0; 

} 
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if (9),*+,,/,�A,7 + 9),*+,,/,�A,7 = 0), then 

{ 

Set	O),*+,,/A,7 = 0; 

} 

 Estimate F),*+,,I/
7 =	F),*+,,I/

7±� +	9),*+,,/,�A,7 − 9),*+,,/,�A,7 − 9),*+,,/,�A,7 + O),*+,,/A,7
 

 Reset F),*+,,I/
7 = minimum {F),*+,,I/

7 , F),*+,,I/
LMN 	} 

 if  (F),*+,,I/
7 ≤ 0), then 

 { 

 Reset F),*+,,I/
7  ≤ 0 

 }  

// Then, estimate the number of vehicles on the left-storage lanes only 

Estimate F),*+,,G/
LMN = (	k�,�+,G,5/×©�,�+,G,5/		)©_  

//Set some conditions for the 'Standing Vehicle' Counts as estimated error 

in link vehicle counts on the left-storage lanes. It occurs because of the 

departure vehicles with the detectors counts of detector 2, while the 

associated phase is 'red' flagged 

if (E),*+,,/r,7
 =1), then 

{ 

Set	O),*+,,G/
A,7 = Upper rounded Integer of (1),*+,/,,/ + 1),*+,0,,/)/2; 

} 

else 

{ 

Set 	O),*+,,G/
A,7 = 0; 

 } 

if (9),*+,,/,�A,7 + 9),*+,,/,�A,7 = 0), then 

{ 

Set	O),*+,,G/
A,7 = 0; 

} 
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if (9),*+,,/,�A,7 = 9),*+,,/,�A,7
), then 

{ 

Set	O),*+,,G/
A,7 = 0; 

} 

 

 Estimate F),*+,,G/
7 =	F),*+,,G/

7±� +	9),*+,,/,�A,7 − 9),*+,,/,�A,7 + O),*+,,G/
A,7

 

 Reset F),*+,,G/
7 = minimum {F),*+,,G/

7 , F),*+,,G/
LMN 	} 

 if  (F),*+,,G/
7 ≤ 0), then 

 { 

 Reset F),*+,,G/
7 = 0; 

 }  

Set F),*+,,H/
7 = F),*+,,I/

7 − F),*+,,G/
7 ; 

} 
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A1.3 Update Module B (Transit Signal Priority) for Phase Ç�: 

{ 

// Call the ' Function of priority criteria' 

Initialize high priority bus count, 9),*+,,/o,7
=0; 

Initialize normal priority bus count, 9),*+,,/R,7
=0; 

Go to the approach link	(),J+,,/  of ϕ�; 

for (Each of the buses on (),J+ ,,/  of ϕ�, where �� ∈ Φ) 

{ 

Get the bus of Bus ID P),*+,,/; 
if (the bus P),*+,,/ is not bound to any bus stoppage on the link and is bound to the 

signal), then 

        { 

 Estimate	.),*+,/,R ; 

if (.),*+,/,R <= 0.5 * .),*+,,/) then 

            {     

               Estimate	C),*+,,/R = ©�,�+5/°
ªD�,�+,56,8/� ; 

            } 

else 

            { 

               Estimate	C),*+,,/R = (©�,�+5/° ±3.�	©�,�+,5/)
ªD�,�+,55,6/� + 3.�	©�,�+,5/

ªD�,�+,56,8/� ; 

 } 

 if (g ,!"$&' ≠ g ,!"$ % ), then 

 { 

  if (C),*+,,/R <=	Δg ,!") then 

  { 

  Set S),*+,,/R = 1; 
  } 
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  else 

  { 

  Set S),*+,,/R = 0; 
  } 

 } 

else  

 { 

  Set S),*+,,/R = 0; 
 } 

 

if (S),*+,,/R  = 1) then 

            { 

 Increase	9),*+,,/o,7
; 

            } 

else 

            { 

 Increase	9),*+,,/R,7
;   

          } 

        } 

    } 

 

If (	9),*+,,/o,7 ≥ 1) then 

{ 

Set E),*+,,/q,7 = 1; 

} 

else 

{ 

Set E),*+,,/q,7 = 0; 

} 

} 
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A1.4 Update Car Count Function for Phase Ç� : 

{ 

Go to the approach link	(),J+,,/  of	ϕ�; 

Call F),*+,,H/
7 ; 

Call F),*+,,G/
7 ; 

Call 	9),*+,,/R,7
; // From Module B 

Call 	9),*+,,/o,7
; //From Module B 

 if (ϕ� is even) 

 { 

 Estimate 	9),*+,,/R,7 = F),*+,,H/
7 − 	9),*+,,/R,7 − 	9),*+,,/o,7

; 

 } 

 else 

 { 

 Estimate 	9),*+,,/R,7 = F),*+,,G/
7 − 	9),*+,,/R,7 − 	9),*+,,/o,7

; 

 } 

} 

 

  



 

244 

 

A1.5 Update Module C (Downstream Blockage) for Phase Ç� : 

{ 

Go to the approach link	(),J+,,/  of	ϕ�; 

Call F),*+,,H/
7 ; 

Call F),*+,,G/
7 ; 

 if (ϕ� is even), then 

 { 

 Set F),*+,,/7 = F),*+,,H/
7 ; 

 } 

 else 

 { 

 Set F),*+,,/7 = F),*+,,G/
7 ;   

 } 

// Now estimate F),*+,,/: . 

If (ϕ� is even) then, 

{ 

For actuated type signals: 

Set F),*+,,/: = Integer of {(U),*+,/ × 1),*+,/,,/ × Δg ,!") 3600⁄ }; 

For pre-timed type signals: 

Set F),*+,,/: = Integer of {(U),*+,/ × 1),*+,/,,/ × g ,!") 3600⁄ }; 

 

} 

else 

{ 

For the actuated type signals: 

Set F),*+,,/: = Integer of {(U),*+,0 × 1),*+,0,,/ × Δg ,!") 3600⁄ }; 

For the pre-timed type signals: 

Set F),*+,,/: = Integer of {(U),*+,0 × 1),*+,0,,/ × g ,!") 3600⁄ }; 

} 

Estimate �),*+,,/7 = min	{F),*+,,/7 , F),*+,,/: }; 
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Go to  the exit link	(),J+,-/  of	ϕ�; 

Call F),*+,-/LMN ; 

Call F),*+,-/7 ; 

Estimate, O),*+-/,7 =F),*+,-/LMN − F),*+,-/7 ; 

If (�),*+,,/7 >	O),*+-/7 ) then 

{ 

Set E),*+,-/Q,7 = 1; 

} 

else 

{ 

Set E),*+,-/Q,7 = 0; 

} 

} 
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A1.6 Update Exit Link Vehicle Count Function of Module C for Phase Ç� : 

{ 

Go to the downstream exit link	(),J+ ,-/  of	ϕ�; 

Estimate F),*+,-/LMN = (k�,�+,H,8/×©�,�+,H,8/			�		k�,�+,H,8/×©�,�+,H,8	)
©_  

//Set some conditions for the 'Standing Vehicle' Counts as estimated error 

in downstream exit link vehicle counts. It occurs because of the departure 

vehicles with the detectors counts of detector 1 and detector 2 while the 

vehicles stop on these. However, the Module C does not know the 

information if the downstream junction of the downstream exit link is 

signalized or un-signalized. Also, it does not know the information of the 

'traffic regime status' of the downstream exit link. 

 

Set	O),*+,,/A,7 = Lower rounded Integer of (1),*+,/,,/ + 1),*+,0,,/)/2; 

 

if (9),*+,-/,�A,7 + 9),*+,-/,�A,7 ≤ 3), then 

{ 

Set	O),*+,-/A,7 = 0; 

} 

if (9),*+,-/,�A,7 + 9),*+,-/,�A,7 + 9),*+,-/,�A,7 = 0), then 

{ 

Set	O),*+,-/A,7 = 0; 

} 

if (9),*+,-/,�A,7 + 9),*+,-/,�A,7 + 9),*+,-/,�A,7 + 9),*+,-/,�A,7 = 0), then 

{ 

Set	O),*+,-/A,7 = 0; 

} 

 

if (9),*+,-/,�A,7 + 9),*+,-/,�A,7 = 0), then 

{ 
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Set	O),*+,-/A,7 = 0; 

} 

 

 Estimate F),*+,-/7 =	F),*+,-/7±� +	9),*+,-/,�A,7 − 9),*+,-/,�A,7 − 9),*+,-/,�A,7 + O),*+,-/A,7
 

 

 Reset F),*+,-/7 = minimum {F),*+,-/7 ,	F),*+,-/LMN } 

  

} 
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A1.7 Update Module D (Incident Status) for Phase Ç� : 

{ 

Go to the approach link	(),J+,-/  of	ϕ�; 

 

 if (time, t = End of incident time interval, θ) then 

{ 

Estimate ∆9),*+,,/,-;,7
 and set X�,),Y+7 = ∆9),*+,,/,-;,7

; 

 

Estimate ∆9),*+,,/,L;,7
 and set X�,),Y+7 = ∆9),*+,,/,L;,7

; 

 

Estimate ∆9),*+,,/,,;,7
 and set X�,),Y+7 = ∆9),*+,,/,,;,7

; 

 

Estimate ∆2),*+,,/,-;,7
 and set X�,),Y+7 = ∆2),*+,,/,-;,7

; 

 

Estimate ∆2),*+,,/,L;,7
 and set X�,),Y+7 = ∆2),*+,,/,L;,7

; 

 

Estimate ∆2),*+,,/,,;,7
 and set X�,),Y+7 = ∆2),*+,,/,,;,7

; 

 

Set	X� = �; 

 

} 

 

Estimate	÷),*+,,/;,7 = /(°
)
��/°
; 

 

If (÷),*+,,/;,7 ≥ 0.5) then 

{ 

Set	E),*+,,/n,7 = 1; 

} 

else 
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{ 

Set	E),*+,,/n,7 = 0; 

} 

} 
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A1.8 Update Node Signal State of Intersection i: 

{ 

Set Current Time, t = simulation clock second 

Go to the intersection (i.e., node) i; 

 

for (each phase ��at intersection i at time t); 

         { 

if (Current time, t = End of detector data aggregation time interval, ∆t), 

then 

                  { 

Update Module A for phase ��; 

Update Approach Link Vehicle Count Function for phase ��; 

Update Module C for phase ��; 

Update Exit Link Vehicle Count Function for phase ��; 

                  } 

if (Current time, t = End of incident prediction time interval, θ), then 

                  { 

  Update Module D for phase ��; 

                  } 

 Update Module B for phase ��; 

 Update Car Count Function for phase ��; 

            }      

// Initialize the node signal state 

  if (Current Time, t <=1), then 

     { 

// Start with a specific phase set 

For Dual Phase Operation Settings: 

   Current Phase Set, Φ�= Φ�;  

   Optimum Phase Set, Φ0= Φ�; 

For Split Phase Operation Settings: 

   Current Phase Set, Φ�= Φ�;  

   Optimum Phase Set, Φ0= Φ�; 
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For Protected Phase Operation Settings: 

   Current Phase Set, Φ�= Φ�;  

   Optimum Phase Set, Φ0= Φ�; 

    }     

if ((�),!_w
 < �),!dLMN) AND (Φ�= Φ0) AND (S ,!_u

 =1) AND (S ,!_v =1)), then 

{ 

    Set Φ� 	as Green; 

    Increase �),!_w
: �),!_w = �),!_w +1; 

// Now, check for optimum phase set at the end of minimum green time or at the 

end of each extended green time interval of a phase set 

  if ((�),!_w
 = �),!dL)k)) OR ((�),!_w

 >�),!dL)k ) AND (�),!_w
 % ∆g = 0))   

   

   { 

  Initialize and estimate ^),!_7  for the current Φ�. 

 

   Set Φ0= Φ�; 

   Set ^),!G7 =^),!_7 ; 

  for (Each of the s candidate phase sets of Ψ�, where Φ� ∈ Ψ� ) 

    { 

    Go to phase set Φ,l_  , where k=1,2,..s 

    Estimate ^),!d7  for this phase set Φ,l_  ; 

    if (^),!d7 > ^),!G7 ), then 

    { 

    Set Φ�∗]=  Φ,l_   ; 

    Set ^),!G7 =^),!d7 ; 

    } 

    } 

 

    Set Φk= Φ0;  

    Reset Φ0= Φ�∗] ; 

 

   if (Φ�≠ Φ0), then 
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 // This check if current phase set to go for next time step until maximum 

green 

    { 

    Reset �),!_w
=0; 

    Reset S ,!_u
 =0;  

    Keep S ,!_v =1; 

    } 

 

 // Start of 2nd highest Z value Phase Set Identification   

  

   Initialize Φ�∗h=Φ�; // Using call next phase function 

   Initialize, ^),!_∗h7 = 0.0; 

   for (Each of the s candidate phase sets of Ψ�, where Φ� ∈ Ψ�) 

   { 

    Go to phase set Φ,l_  , where k=1,2,..s 

    Estimate ^),!d7  for this phase set Φ,l_  ; 

 

  if ((^),!d7  <= ^),!G7 ) AND (^),!d7 >= ^),!_∗h7 )  AND (Φ�≠Φ,l_)), 

then 

     { 

     Set Φ�∗h=Φ,l_ ; 

     Set ^),!_∗h7 =^),!d7 ; 

     } 

   } 

// Set condition here for second highest set. 

if (((�),!dLMN- �),!_w
 ) <= Δg ,!") AND (Φ�= Φ0)), then 

   {  

   Reset Φ0= Φ�∗h ;  

   Reset �),!_w
=0; 

   Reset S ,!_u
 =0;  
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   Keep S ,!_v =1; 

   } 

  } 

} 

// End of green signals 

// Start of yellow signals 

else if ((�),!_u
<= x),!d) AND (Φ�≠ Φ0) AND (S ,!_u

 =0) AND (S ,!_v =1)), then 

{ 

 Set Φ� 	to Yellow Transition;  

 Increase �),!_u
: �),!_u = �),!_u +1; 

  if (�),!_u
=x),!d), then 

   { 

   Reset �),!_u
= 0; 

   Reset S ,!_v =0; 

   } 

} 

// Start of red signals  

else if ((�),!_v <= B),!d) AND (Φ�≠ Φ0) AND (S ,!_u
 =0) AND (S ,!_v =0)), then 

{ 

 Set Φ� 	to Red Transition;  

 Increase �),!_v : �),!_v = �),!_v +1; 

  if (�),!_v =B),!d), then 

   { 

   Reset �),!_v = 0; 

   Reset S ,!_u
=1; 

   Reset S ,!_v =1; 

   Reset Φ�= Φ0; 

   } 

} 

}  
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APPENDIX 2  

A2.1 Ahmed & Hawas (2012) 
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A2.2 Ahmed & Hawas (2013) 
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APPENDIX 3  
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Table A3.1: Comparative productivity performance of the proposed control system(s) (in Bus Trips) 

Demand Case A 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 1 54 54 Yes 54 Yes 

Protected Actuated 2 54 54 Yes 54 Yes 

Protected Pre-timed 3 54 54 Yes 54 Yes 

Split Actuated 4 54 54 Yes 54 Yes 

Split Pre-timed 5 54 54 Yes 54 Yes 

Big 

Dual Actuated 6 54 54 Yes 54 Yes 

Protected Actuated 7 54 54 Yes 54 Yes 

Protected Pre-timed 8 54 54 Yes 54 Yes 

Split Actuated 9 54 54 Yes 54 Yes 

Split Pre-timed 10 54 54 Yes 54 Yes 

Mix 

Dual Actuated 11 54 54 Yes 54 Yes 

Protected Actuated 12 54 54 Yes 54 Yes 

Protected Pre-timed 13 54 54 Yes 54 Yes 

Split Actuated 14 54 54 Yes 54 Yes 

Split Pre-timed 15 54 54 Yes 54 Yes 

Demand Case B 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 16 90 89 No 88 No 

Protected Actuated 17 90 90 Yes 90 Yes 

Protected Pre-timed 18 85 90 Yes 90 Yes 

Split Actuated 19 90 90 Yes 90 Yes 
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Split Pre-timed 20 84 90 Yes 90 Yes 

Big 

Dual Actuated 21 86 84 No 89 Yes 

Protected Actuated 22 86 90 Yes 90 Yes 

Protected Pre-timed 23 75 90 Yes 90 Yes 

Split Actuated 24 86 90 Yes 90 Yes 

Split Pre-timed 25 81 89 Yes 89 Yes 

Mix 

Dual Actuated 26 88 87 No 86 No 

Protected Actuated 27 88 90 Yes 90 Yes 

Protected Pre-timed 28 84 90 Yes 90 Yes 

Split Actuated 29 88 90 Yes 90 Yes 

Split Pre-timed 30 81 90 Yes 90 Yes 

Demand Case C 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 31 89 89 Yes 89 Yes 

Protected Actuated 32 89 90 Yes 90 Yes 

Protected Pre-timed 33 83 90 Yes 90 Yes 

Split Actuated 34 88 90 Yes 90 Yes 

Split Pre-timed 35 76 90 Yes 90 Yes 

Big 

Dual Actuated 36 86 85 No 85 No 

Protected Actuated 37 86 90 Yes 87 Yes 

Protected Pre-timed 38 80 89 Yes 89 Yes 

Split Actuated 39 86 90 Yes 90 Yes 

Split Pre-timed 40 76 89 Yes 90 Yes 

Mix 

Dual Actuated 41 87 87 Yes 88 Yes 

Protected Actuated 42 91 90 No 90 No 

Protected Pre-timed 43 84 90 Yes 90 Yes 

Split Actuated 44 87 90 Yes 90 Yes 

Split Pre-timed 45 85 90 Yes 90 Yes 
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Demand Case D 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 46 108 108 Yes 108 Yes 

Protected Actuated 47 108 107 No 92 No 

Protected Pre-timed 48 106 108 Yes 108 Yes 

Split Actuated 49 108 108 Yes 108 Yes 

Split Pre-timed 50 107 108 Yes 108 Yes 

Big 

Dual Actuated 51 107 108 Yes 108 Yes 

Protected Actuated 52 108 98 No 91 No 

Protected Pre-timed 53 106 108 Yes 102 No 

Split Actuated 54 108 108 Yes 108 Yes 

Split Pre-timed 55 99 108 Yes 108 Yes 

Mix 

Dual Actuated 56 108 108 Yes 108 Yes 

Protected Actuated 57 108 98 No 90 No 

Protected Pre-timed 58 105 107 Yes 102 No 

Split Actuated 59 107 108 Yes 108 Yes 

Split Pre-timed 60 105 108 Yes 108 Yes 

Demand Case E1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 61 160 159 No 160 Yes 

Protected Actuated 62 159 128 No 87 No 

Protected Pre-timed 63 148 124 No 119 No 

Split Actuated 64 146 161 Yes 162 Yes 

Split Pre-timed 65 140 158 Yes 158 Yes 
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Big 

Dual Actuated 66 156 158 Yes 157 Yes 

Protected Actuated 67 154 143 No 109 No 

Protected Pre-timed 68 141 157 Yes 127 No 

Split Actuated 69 140 158 Yes 158 Yes 

Split Pre-timed 70 141 155 Yes 158 Yes 

Mix 

Dual Actuated 71 155 157 Yes 156 Yes 

Protected Actuated 72 156 114 No 100 No 

Protected Pre-timed 73 141 136 No 110 No 

Split Actuated 74 143 156 Yes 156 Yes 

Split Pre-timed 75 140 155 Yes 155 Yes 

Demand Case E2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 76 158 155 No 157 No 

Protected Actuated 77 156 115 No 71 No 

Protected Pre-timed 78 143 131 No 97 No 

Split Actuated 79 149 159 Yes 159 Yes 

Split Pre-timed 80 137 153 Yes 155 Yes 

Big 

Dual Actuated 81 147 157 Yes 154 Yes 

Protected Actuated 82 149 136 No 123 No 

Protected Pre-timed 83 137 149 Yes 124 No 

Split Actuated 84 142 155 Yes 159 Yes 

Split Pre-timed 85 139 147 Yes 153 Yes 

Mix 

Dual Actuated 86 156 153 No 153 No 

Protected Actuated 87 156 116 No 96 No 

Protected Pre-timed 88 143 137 No 102 No 

Split Actuated 89 147 154 Yes 154 Yes 

Split Pre-timed 90 143 150 Yes 157 Yes 
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Demand Case F1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 91 208 218 Yes 205 No 

Protected Actuated 92 242 130 No 93 No 

Protected Pre-timed 93 165 139 No 103 No 

Split Actuated 94 184 158 No 194 Yes 

Split Pre-timed 95 153 190 Yes 221 Yes 

Big 

Dual Actuated 96 250 255 Yes 257 Yes 

Protected Actuated 97 245 238 No 154 No 

Protected Pre-timed 98 215 194 No 158 No 

Split Actuated 99 224 238 Yes 238 Yes 

Split Pre-timed 100 223 231 Yes 238 Yes 

Mix 

Dual Actuated 101 201 186 No 203 Yes 

Protected Actuated 102 227 130 No 116 No 

Protected Pre-timed 103 192 167 No 113 No 

Split Actuated 104 184 170 No 170 No 

Split Pre-timed 105 172 197 Yes 207 Yes 

Demand Case F2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 106 167 207 Yes 197 Yes 

Protected Actuated 107 246 128 No 97 No 

Protected Pre-timed 108 161 147 No 105 No 

Split Actuated 109 179 148 No 194 Yes 
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Split Pre-timed 110 176 163 No 210 Yes 

Big 

Dual Actuated 111 250 247 No 249 No 

Protected Actuated 112 253 180 No 158 No 

Protected Pre-timed 113 207 204 No 150 No 

Split Actuated 114 232 232 Yes 240 Yes 

Split Pre-timed 115 227 238 Yes 239 Yes 

Mix 

Dual Actuated 116 188 210 Yes 211 Yes 

Protected Actuated 117 229 137 No 118 No 

Protected Pre-timed 118 174 175 No 138 No 

Split Actuated 119 187 173 No 177 No 

Split Pre-timed 120 154 204 Yes 209 Yes 
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Table A3.2: Comparative productivity performance of the proposed control system(s) (in Person Trips) 

Demand Case A 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

(Person Trips) 
Similar or 

Improvement 
(Person Trips) 

Similar or 
Improvement 

Small 

Dual Actuated 1 6608 6466 No 6499 No 

Protected 
Actuated 

2 6678 6448 No 6502 No 

Protected Pre-
timed 

3 6552 6396 No 6447 No 

Split Actuated 4 6641 6527 No 6532 No 

Split Pre-timed 5 6430 6463 Yes 6472 Yes 

Big 

Dual Actuated 6 6566 6413 No 6433 No 

Protected 
Actuated 

7 6501 6361 No 6398 No 

Protected Pre-
timed 

8 6373 6323 No 6335 No 

Split Actuated 9 6525 6469 No 6474 No 

Split Pre-timed 10 6452 6403 No 6391 No 

Mix 

Dual Actuated 11 6589 6454 No 6464 No 

Protected 
Actuated 

12 6615 6445 No 6458 No 

Protected Pre-
timed 

13 6520 6354 No 6424 No 

Split Actuated 14 6634 6502 No 6502 No 

Split Pre-timed 15 6490 6444 No 6492 Yes 
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Demand Case B 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

(Person Trips) 
Similar or 

Improvement 
(Person Trips) 

Similar or 
Improvement 

Small 

Dual Actuated 16 17680 17412 No 17391 No 

Protected 
Actuated 

17 17835 17492 No 17424 No 

Protected Pre-
timed 

18 17344 17319 No 17381 Yes 

Split Actuated 19 17850 17407 No 17482 No 

Split Pre-timed 20 17260 17281 Yes 17332 Yes 

Big 

Dual Actuated 21 17536 17227 No 17444 No 

Protected 
Actuated 

22 17500 17313 No 17369 No 

Protected Pre-
timed 

23 16786 17131 Yes 17193 Yes 

Split Actuated 24 17370 17380 Yes 17421 Yes 

Split Pre-timed 25 16822 17147 Yes 17198 Yes 

Mix 

Dual Actuated 26 17665 17440 No 17331 No 

Protected 
Actuated 

27 17783 17466 No 17474 No 

Protected Pre-
timed 

28 17234 17320 Yes 17381 Yes 

Split Actuated 29 17745 17466 No 17479 No 

Split Pre-timed 30 17123 17245 Yes 17316 Yes 
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Demand Case C 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 31 28124 27933 No 27979 No 

Protected 
Actuated 

32 27955 27892 No 27853 No 

Protected Pre-
timed 

33 27158 27653 Yes 27670 Yes 

Split Actuated 34 27952 27736 No 27738 No 

Split Pre-timed 35 27011 27477 Yes 27530 Yes 

Big 

Dual Actuated 36 27701 27497 No 27550 No 

Protected 
Actuated 

37 27582 26965 No 26366 No 

Protected Pre-
timed 

38 26737 27093 Yes 27131 Yes 

Split Actuated 39 27550 27368 No 27484 No 

Split Pre-timed 40 26554 27057 Yes 27203 Yes 

Mix 

Dual Actuated 41 27701 27484 No 27549 No 

Protected 
Actuated 

42 27968 26722 No 27083 No 

Protected Pre-
timed 

43 27009 27154 Yes 27270 Yes 

Split Actuated 44 27838 27363 No 27401 No 

Split Pre-timed 45 27184 27091 No 27152 No 
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Demand Case D 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 46 42134 41889 No 42001 No 

Protected 
Actuated 

47 41913 37653 No 32741 No 

Protected Pre-
timed 

48 40829 41174 Yes 41000 Yes 

Split Actuated 49 41490 41371 No 41423 No 

Split Pre-timed 50 40839 41125 Yes 41238 Yes 

Big 

Dual Actuated 51 41135 41046 No 41112 No 

Protected 
Actuated 

52 41131 34678 No 29518 No 

Protected Pre-
timed 

53 39888 39596 No 36775 No 

Split Actuated 54 40708 40269 Yes 40507 Yes 

Split Pre-timed 55 39577 40045 Yes 40304 Yes 

Mix 

Dual Actuated 56 41210 40963 No 41158 No 

Protected 
Actuated 

57 41385 32880 No 29321 No 

Protected Pre-
timed 

58 40009 38961 No 37108 No 

Split Actuated 59 40988 41159 Yes 40469 No 

Split Pre-timed 60 40107 40022 No 40258 Yes 
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Demand Case E1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 61 57722 57678 No 57756 Yes 

Protected 
Actuated 

62 56789 36683 No 26436 No 

Protected Pre-
timed 

63 53181 44480 No 41277 No 

Split Actuated 64 53668 55391 Yes 55972 Yes 

Split Pre-timed 65 51713 55202 Yes 55743 Yes 

Big 

Dual Actuated 66 56064 56277 Yes 56321 Yes 

Protected 
Actuated 

67 55266 37554 No 29736 No 

Protected Pre-
timed 

68 51204 49388 No 37371 No 

Split Actuated 69 52905 53818 Yes 54299 Yes 

Split Pre-timed 70 52278 53562 Yes 54407 Yes 

Mix 

Dual Actuated 71 55488 55474 No 55747 Yes 

Protected 
Actuated 

72 55568 32577 No 26919 No 

Protected Pre-
timed 

73 50697 44734 No 33124 No 

Split Actuated 74 52225 53084 Yes 53628 Yes 

Split Pre-timed 75 51045 53038 Yes 53780 Yes 
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Demand Case E2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 76 57069 56353 No 56370 No 

Protected 
Actuated 

77 56019 29198 No 19706 No 

Protected Pre-
timed 

78 51562 43584 No 31008 No 

Split Actuated 79 54181 54808 Yes 55730 Yes 

Split Pre-timed 80 50715 53221 Yes 54481 Yes 

Big 

Dual Actuated 81 55477 55626 Yes 55267 No 

Protected 
Actuated 

82 54705 32050 No 26424 No 

Protected Pre-
timed 

83 50350 47062 No 32592 No 

Split Actuated 84 52896 53336 Yes 54372 Yes 

Split Pre-timed 85 51392 51833 Yes 53006 Yes 

Mix 

Dual Actuated 86 55354 54085 No 53985 No 

Protected 
Actuated 

87 55333 29345 No 21908 No 

Protected Pre-
timed 

88 51641 43758 No 29796 No 

Split Actuated 89 53482 52522 No 53569 Yes 

Split Pre-timed 90 51775 51053 No 52037 Yes 
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Demand Case F1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 91 63723 63221 No 60109 No 

Protected 
Actuated 

92 71796 29724 No 20624 No 

Protected Pre-
timed 

93 54502 35620 No 24738 No 

Split Actuated 94 57000 42199 No 53137 No 

Split Pre-timed 95 48484 53451 Yes 60920 Yes 

Big 

Dual Actuated 96 75051 76010 Yes 75607 Yes 

Protected 
Actuated 

97 72204 68646 No 27714 No 

Protected Pre-
timed 

98 62776 45675 No 31456 No 

Split Actuated 99 66492 65509 No 66932 Yes 

Split Pre-timed 100 65523 67507 Yes 68646 Yes 

Mix 

Dual Actuated 101 53859 52387 No 55312 Yes 

Protected 
Actuated 

102 65168 29129 No 22636 No 

Protected Pre-
timed 

103 55069 39074 No 25456 No 

Split Actuated 104 54860 46048 No 47046 No 

Split Pre-timed 105 49036 53207 Yes 56142 Yes 
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Demand Case F2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 106 63723 59202 No 57761 No 

Protected 
Actuated 

107 
72681 27243 No 18266 No 

Protected Pre-
timed 

108 
47588 40342 No 24536 No 

Split Actuated 109 51719 39023 No 54276 Yes 

Split Pre-timed 110 52365 46326 No 57879 Yes 

Big 

Dual Actuated 111 74838 71664 No 71430 No 

Protected 
Actuated 

112 
74297 32867 No 26358 No 

Protected Pre-
timed 

113 
62506 47608 No 29405 No 

Split Actuated 114 67947 65443 No 68068 Yes 

Split Pre-timed 115 66121 66854 Yes 68222 Yes 

Mix 

Dual Actuated 116 52655 57614 Yes 55542 Yes 

Protected 
Actuated 

117 
66811 28004 No 21068 No 

Protected Pre-
timed 

118 
50905 40708 No 27652 No 

Split Actuated 119 55633 47068 No 49105 No 

Split Pre-timed 120 45484 51511 Yes 54839 Yes 
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Table A3.3: Comparative efficiency performance of the proposed control system(s) (in Average Delay/Person) 

Demand Case A 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 1 78 193.6 No 195.7 No 

Protected Actuated 2 91.5 213.7 No 203.1 No 

Protected Pre-timed 3 172.3 235.4 No 233.4 No 

Split Actuated 4 101.4 168.9 No 162.8 No 

Split Pre-timed 5 243 205.1 Yes 198.8 Yes 

Big 

Dual Actuated 6 79.4 191.8 No 190.6 No 

Protected Actuated 7 89.3 225.5 No 216.9 No 

Protected Pre-timed 8 183.1 266.7 No 251.9 No 

Split Actuated 9 97.7 161.9 No 155.3 No 

Split Pre-timed 10 226.5 218.7 Yes 204.7 Yes 

Mix 

Dual Actuated 11 77.5 198 No 199.5 No 

Protected Actuated 12 88.1 205.9 No 199.5 No 

Protected Pre-timed 13 170.2 240.8 No 227.9 No 

Split Actuated 14 98.6 163.5 No 163.5 No 

Split Pre-timed 15 228.5 208.8 Yes 201 Yes 
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Demand Case B 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 16 136.2 206.3 No 203.4 No 

Protected Actuated 17 138 204 No 201.7 No 

Protected Pre-timed 18 261.4 237.8 Yes 230.6 Yes 

Split Actuated 19 134.2 202.3 No 197.4 No 

Split Pre-timed 20 285 246 Yes 238.3 Yes 

Big 

Dual Actuated 21 137.3 203.1 No 200.3 No 

Protected Actuated 22 137.9 223.9 No 211.4 No 

Protected Pre-timed 23 262.4 279.6 No 263.8 No 

Split Actuated 24 139.3 204.6 No 192.2 No 

Split Pre-timed 25 275.3 267.3 Yes 250.2 Yes 

Mix 

Dual Actuated 26 136.9 207.2 No 205.8 No 

Protected Actuated 27 139.6 215.8 No 208.6 No 

Protected Pre-timed 28 253.1 255.7 No 247.7 Yes 

Split Actuated 29 137.8 205 No 195 No 

Split Pre-timed 30 276.1 259.3 Yes 245.3 Yes 
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Demand Case C 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 31 176.7 206.9 No 207.1 No 

Protected Actuated 32 173.6 223.9 No 224 No 

Protected Pre-timed 33 295.7 266.4 Yes 261.4 Yes 

Split Actuated 34 176.5 240.8 No 238.1 No 

Split Pre-timed 35 307.7 282.6 Yes 275.2 Yes 

Big 

Dual Actuated 36 177.1 210.7 No 209.1 No 

Protected Actuated 37 179.2 269.9 No 246.5 No 

Protected Pre-timed 38 291.2 307.5 No 295.8 No 

Split Actuated 39 184.4 247.9 No 231.2 No 

Split Pre-timed 40 319.4 304.6 Yes 281.5 Yes 

Mix 

Dual Actuated 41 179.8 216.6 No 212.6 No 

Protected Actuated 42 176.8 250.7 No 243.9 No 

Protected Pre-timed 43 302.2 289.7 Yes 280.9 Yes 

Split Actuated 44 182 250.2 No 237.9 No 

Split Pre-timed 45 304.8 299.2 Yes 281 Yes 
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Demand Case D 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 46 207.3 225.3 No 221 No 

Protected Actuated 47 209.1 285.7 No 256.1 No 

Protected Pre-timed 48 327 294.4 Yes 280.5 Yes 

Split Actuated 49 247.6 282.8 No 273.1 No 

Split Pre-timed 50 330.8 316.4 Yes 301.2 Yes 

Big 

Dual Actuated 51 210.6 225.6 No 218.9 No 

Protected Actuated 52 220.2 338.1 No 271.1 No 

Protected Pre-timed 53 347.1 342.4 Yes 310.1 Yes 

Split Actuated 54 251.8 301.8 No 275 No 

Split Pre-timed 55 343 340.4 Yes 309.2 Yes 

Mix 

Dual Actuated 56 214.2 237.9 No 229.7 No 

Protected Actuated 57 220.1 337.3 No 299.6 No 

Protected Pre-timed 58 352.8 339.1 Yes 305.5 Yes 

Split Actuated 59 253.2 294 No 283.8 No 

Split Pre-timed 60 341.1 337.3 Yes 313 Yes 
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Demand Case E1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 61 233 234 No 230 Yes 

Protected Actuated 62 237.6 443 No 346.6 No 

Protected Pre-timed 63 417.9 381.9 Yes 370.1 Yes 

Split Actuated 64 364 370.7 No 341.3 Yes 

Split Pre-timed 65 418.3 394.1 Yes 360.7 Yes 

Big 

Dual Actuated 66 238 236.4 Yes 229.1 Yes 

Protected Actuated 67 267.2 414.3 No 305.4 No 

Protected Pre-timed 68 453.4 427.4 Yes 320.6 Yes 

Split Actuated 69 364.3 387.5 No 352.8 Yes 

Split Pre-timed 70 419.9 412 Yes 363.6 Yes 

Mix 

Dual Actuated 71 271.3 281 No 270.2 Yes 

Protected Actuated 72 269.8 458.3 No 382.1 No 

Protected Pre-timed 73 467 464 Yes 376.5 Yes 

Split Actuated 74 379.6 419.1 No 382.1 No 

Split Pre-timed 75 443.9 442 Yes 397.6 Yes 

Demand Case E2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 76 278.4 279.1 No 279.9 No 

Protected Actuated 77 282.5 624.2 No 444.7 No 

Protected Pre-timed 78 513.6 573.7 No 437.3 Yes 

Split Actuated 79 373.2 418.5 No 362.8 Yes 
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Split Pre-timed 80 494.4 519.3 No 448 Yes 

Big 

Dual Actuated 81 288.4 273.9 Yes 276.4 Yes 

Protected Actuated 82 305.5 502.6 No 356.2 No 

Protected Pre-timed 83 548.6 565.4 No 382.1 Yes 

Split Actuated 84 377.8 436.8 No 366.1 Yes 

Split Pre-timed 85 509.6 518.8 No 452.3 Yes 

Mix 

Dual Actuated 86 306.3 332.8 No 326 No 

Protected Actuated 87 300.9 646.4 No 439.2 No 

Protected Pre-timed 88 512 621 No 470.8 Yes 

Split Actuated 89 376.2 469.6 No 407.4 No 

Split Pre-timed 90 499.3 556.7 No 496.8 Yes 

Demand Case F1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 91 568.2 539.6 Yes 536.6 Yes 

Protected Actuated 92 491.4 752.8 No 407 Yes 

Protected Pre-timed 93 732.6 653.5 Yes 451.6 Yes 

Split Actuated 94 676.7 976.6 No 1030.3 No 

Split Pre-timed 95 697.6 923 No 825.3 No 

Big 

Dual Actuated 96 469.4 461.2 Yes 451.4 Yes 

Protected Actuated 97 528.8 785.6 No 462.3 Yes 

Protected Pre-timed 98 829.2 726.8 Yes 448.1 Yes 

Split Actuated 99 721.1 869.1 No 830.8 No 

Split Pre-timed 100 756.9 836.4 No 785.6 No 

Mix 

Dual Actuated 101 581.8 595.2 No 593.8 No 

Protected Actuated 102 476.9 770.6 No 523.5 No 

Protected Pre-timed 103 747.3 815.5 No 581.7 Yes 

Split Actuated 104 686.7 896.6 No 809 No 

Split Pre-timed 105 674.4 867.1 No 820.8 No 
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Demand Case F2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 106 568.2 736 No 730.1 No 

Protected Actuated 107 497.4 965.3 No 451.9 Yes 

Protected Pre-timed 108 817.5 1090.5 No 607.3 Yes 

Split Actuated 109 717.1 1030.5 No 1017.4 No 

Split Pre-timed 110 752.6 943.9 No 853.7 No 

Big 

Dual Actuated 111 515.7 566.2 No 572.3 No 

Protected Actuated 112 521.9 758.2 No 511.7 Yes 

Protected Pre-timed 113 897.6 895 Yes 520.6 Yes 

Split Actuated 114 702.9 860.2 No 797.1 No 

Split Pre-timed 115 805.9 907.9 No 840.7 No 

Mix 

Dual Actuated 116 591.1 752.1 No 709.8 No 

Protected Actuated 117 483.7 1031.7 No 516.3 No 

Protected Pre-timed 118 805.7 1018.5 No 649.4 Yes 

Split Actuated 119 690.7 887.8 No 888.9 No 

Split Pre-timed 120 715.5 897.5 No 896.7 No 
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Table A3.4: Comparative efficiency performance of the proposed control system(s) (in Average Trip Time/Person) 

Demand Case A 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 1 157.5 277.6 No 279.8 No 

Protected Actuated 2 176.1 297.6 No 287.1 No 

Protected Pre-timed 3 256.6 319.3 No 317.4 No 

Split Actuated 4 185.9 253 No 247.1 No 

Split Pre-timed 5 326.8 289.1 Yes 282.9 Yes 

Big 

Dual Actuated 6 248.3 359.7 No 358.6 No 

Protected Actuated 7 258.1 393 No 384.7 No 

Protected Pre-timed 8 351.1 433.9 No 419.4 No 

Split Actuated 9 266.4 330.2 No 323.6 No 

Split Pre-timed 10 394.7 386.7 Yes 372.6 Yes 

Mix 

Dual Actuated 11 204 323.9 No 325.5 No 

Protected Actuated 12 214.8 331.7 No 325.6 No 

Protected Pre-timed 13 296.4 366.3 No 353.8 No 

Split Actuated 14 225.6 289.6 No 289.6 No 

Split Pre-timed 15 354.9 334.6 Yes 327 Yes 

Demand Case B 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 16 226.9 297.1 No 294.3 No 

Protected Actuated 17 228.1 294.5 No 292.3 No 

Protected Pre-timed 18 351.9 328.2 Yes 321.1 Yes 
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Split Actuated 19 224.2 292.8 No 287.9 No 

Split Pre-timed 20 375.7 336.4 Yes 328.8 Yes 

Big 

Dual Actuated 21 318.7 384.6 No 380.5 No 

Protected Actuated 22 318.4 403.5 No 391.2 No 

Protected Pre-timed 23 445.8 459 No 443.3 Yes 

Split Actuated 24 319.7 384.2 No 372 No 

Split Pre-timed 25 456.5 447 Yes 430 Yes 

Mix 

Dual Actuated 26 273 343.2 No 342 No 

Protected Actuated 27 274.9 351.1 No 344 No 

Protected Pre-timed 28 388.8 390.8 No 382.9 Yes 

Split Actuated 29 273.1 340.3 No 330.4 No 

Split Pre-timed 30 412.5 394.4 Yes 380.5 Yes 

Demand Case C 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 31 272.4 302.6 No 302.7 No 

Protected Actuated 32 267.5 319.4 No 319.5 No 

Protected Pre-timed 33 390.1 361.9 Yes 356.8 Yes 

Split Actuated 34 270.5 336.3 No 333.6 No 

Split Pre-timed 35 403 378 Yes 370.6 Yes 

Big 

Dual Actuated 36 367.4 401 No 399.5 No 

Protected Actuated 37 367.2 458.5 No 435.6 No 

Protected Pre-timed 38 480.1 496.4 No 484.8 No 

Split Actuated 39 372.2 436.8 No 420.2 No 

Split Pre-timed 40 509 493.5 Yes 470.3 Yes 

Mix 

Dual Actuated 41 322.7 359.3 No 355.3 No 

Protected Actuated 42 317.2 392.5 No 385.9 No 

Protected Pre-timed 43 443.4 431.6 Yes 423 Yes 

Split Actuated 44 323.1 392.4 No 380.1 No 

Split Pre-timed 45 445.8 441 Yes 423 Yes 
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Demand Case D 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 46 304.7 322.6 No 318.4 No 

Protected Actuated 47 303.8 382 No 352.9 No 

Protected Pre-timed 48 421.6 391.5 Yes 377.7 Yes 

Split Actuated 49 342.2 380 No 370.3 No 

Split Pre-timed 50 425.3 413.5 Yes 372.1 Yes 

Big 

Dual Actuated 51 404.9 419.6 No 413 No 

Protected Actuated 52 409.9 531.7 No 463.1 No 

Protected Pre-timed 53 536.7 535.8 Yes 503.3 Yes 

Split Actuated 54 441 495.4 No 468.8 No 

Split Pre-timed 55 533.4 533.9 No 502.8 Yes 

Mix 

Dual Actuated 56 360.2 383.9 No 375.7 No 

Protected Actuated 57 362.7 482.2 No 443.8 No 

Protected Pre-timed 58 495.3 484.7 Yes 451 Yes 

Split Actuated 59 395.8 436.3 No 429.6 No 

Split Pre-timed 60 483.6 482.9 Yes 458.7 Yes 

Demand Case E1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 61 328 329.1 No 325 Yes 

Protected Actuated 62 330.3 535.2 No 440.4 No 

Protected Pre-timed 63 510.8 477 Yes 464.9 Yes 

Split Actuated 64 457.2 465.1 No 435.8 Yes 

Split Pre-timed 65 511.6 488.7 Yes 455.5 Yes 
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Big 

Dual Actuated 66 428.3 426.4 Yes 419.4 Yes 

Protected Actuated 67 453.2 597.1 No 489 No 

Protected Pre-timed 68 639.9 614.6 Yes 507 Yes 

Split Actuated 69 551.4 576.5 No 542.1 Yes 

Split Pre-timed 70 606.6 601.4 Yes 552.9 Yes 

Mix 

Dual Actuated 71 414.2 423.7 No 413 Yes 

Protected Actuated 72 409.5 598.2 No 520.6 No 

Protected Pre-timed 73 607 606.2 Yes 516.8 Yes 

Split Actuated 74 519.9 561.1 No 524.3 No 

Split Pre-timed 75 584.2 584 Yes 540 Yes 

Demand Case E2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 76 373.5 374.3 No 374.9 No 

Protected Actuated 77 375.7 714.4 No 537.6 No 

Protected Pre-timed 78 607 667.6 No 532.1 Yes 

Split Actuated 79 466.7 512.9 No 457.5 Yes 

Split Pre-timed 80 588.2 613.9 No 542.8 Yes 

Big 

Dual Actuated 81 480.3 463.8 Yes 466.7 Yes 

Protected Actuated 82 492.5 680.2 No 530.1 No 

Protected Pre-timed 83 736 753.1 No 563.8 Yes 

Split Actuated 84 565.1 626.1 No 555.3 Yes 

Split Pre-timed 85 696.8 708.8 No 641.8 Yes 

Mix 

Dual Actuated 86 449.1 475.5 No 468.7 No 

Protected Actuated 87 440.9 783.3 No 573.8 No 

Protected Pre-timed 88 652.5 762.7 No 611.4 Yes 

Split Actuated 89 516.8 611.6 No 549.8 No 

Split Pre-timed 90 639.9 698.8 No 639.6 Yes 
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Demand Case F1 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 91 658.9 629.4 Yes 627 Yes 

Protected Actuated 92 581.8 839 No 493.2 Yes 

Protected Pre-timed 93 824.5 742.1 Yes 539.6 Yes 

Split Actuated 94 768 1064.6 No 1119.1 No 

Split Pre-timed 95 789.1 1012.8 No 913.9 No 

Big 

Dual Actuated 96 650.7 642.3 Yes 632.3 Yes 

Protected Actuated 97 708.8 966.7 No 622 Yes 

Protected Pre-timed 98 1009.1 899.2 Yes 612.6 Yes 

Split Actuated 99 901.5 1048.2 No 1010.8 No 

Split Pre-timed 100 936.8 1017.8 No 966.7 No 

Mix 

Dual Actuated 101 716.7 731 No 728.8 Yes 

Protected Actuated 102 612 900.4 No 648.7 No 

Protected Pre-timed 103 882.6 946.1 No 711.7 Yes 

Split Actuated 104 822.8 1032.3 No 945.6 No 

Split Pre-timed 105 809.2 1001.9 No 955.7 No 

Demand Case F2 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 106 658.9 825.6 No 820.3 No 

Protected Actuated 107 587.8 1049.5 No 532.4 Yes 

Protected Pre-timed 108 907.9 1179.1 No 694.1 Yes 

Split Actuated 109 807.3 1119.4 No 1107 No 

Split Pre-timed 110 843.1 1033.8 No 942.6 No 
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Big 

Dual Actuated 111 697.5 747.1 No 752.7 No 

Protected Actuated 112 702.4 918.8 No 666.6 Yes 

Protected Pre-timed 113 1079.2 1067.1 Yes 684.9 Yes 

Split Actuated 114 883.7 1040.1 No 977.3 No 

Split Pre-timed 115 986.2 1087.8 No 1021.1 No 

Mix 

Dual Actuated 116 727 886.6 No 843 No 

Protected Actuated 117 619.4 1156.7 No 636.5 No 

Protected Pre-timed 118 942.5 1148.0 No 774.8 Yes 

Split Actuated 119 827.1 1023.6 No 1025.4 No 

Split Pre-timed 120 851.9 1030.6 No 1030.5 No 
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Table A3.5: Comparative productivity performance of the proposed control system(s) (in Bus Trips) for various incident conditions 

Demand Case D (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 121 108 108 Yes 108 Yes 

Split Actuated 122 108 108 Yes 108 Yes 

Split Pre-timed 123 107 108 Yes 108 Yes 

Big 

Dual Actuated 124 106 108 Yes 107 Yes 

Split Actuated 125 105 108 Yes 108 Yes 

Split Pre-timed 126 104 108 Yes 108 Yes 

Mix 

Dual Actuated 127 108 108 Yes 108 Yes 

Split Actuated 128 105 108 Yes 108 Yes 

Split Pre-timed 129 104 108 Yes 108 Yes 

Demand Case E1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 130 159 160 Yes 160 Yes 

Split Actuated 131 146 161 Yes 162 Yes 

Split Pre-timed 132 144 156 Yes 160 Yes 

Big 

Dual Actuated 133 156 157 Yes 158 Yes 

Split Actuated 134 142 158 Yes 160 Yes 

Split Pre-timed 135 140 155 Yes 158 Yes 

Mix 

Dual Actuated 136 153 158 Yes 158 Yes 

Split Actuated 137 145 156 Yes 157 Yes 

Split Pre-timed 138 140 154 Yes 154 Yes 
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Demand Case F1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 139 213 205 No 218 Yes 

Split Actuated 140 184 152 No 198 Yes 

Split Pre-timed 141 156 200 Yes 226 Yes 

Big 

Dual Actuated 142 255 256 Yes 257 Yes 

Split Actuated 143 227 224 No 230 Yes 

Split Pre-timed 144 223 235 Yes 240 Yes 

Mix 

Dual Actuated 145 193 191 No 201 Yes 

Split Actuated 146 194 169 No 177 No 

Split Pre-timed 147 168 196 Yes 210 Yes 

Demand Case D (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 148 108 108 Yes 108 Yes 

Split Actuated 149 108 108 Yes 108 Yes 

Split Pre-timed 150 107 108 Yes 108 Yes 

Big 

Dual Actuated 151 108 108 Yes 108 Yes 

Split Actuated 152 105 108 Yes 108 Yes 

Split Pre-timed 153 104 108 Yes 108 Yes 

Mix 

Dual Actuated 154 108 108 Yes 108 Yes 

Split Actuated 155 108 108 Yes 108 Yes 

Split Pre-timed 156 105 108 Yes 108 Yes 
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Demand Case E1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 157 159 160 Yes 160 Yes 

Split Actuated 158 149 162 Yes 161 Yes 

Split Pre-timed 159 144 157 Yes 159 Yes 

Big 

Dual Actuated 160 157 156 No 157 Yes 

Split Actuated 161 142 159 Yes 159 Yes 

Split Pre-timed 162 141 156 Yes 158 Yes 

Mix 

Dual Actuated 163 155 156 Yes 155 Yes 

Split Actuated 164 143 157 Yes 156 Yes 

Split Pre-timed 165 141 155 Yes 156 Yes 

Demand Case F1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Bus Trips) 

Logic with IM Logic w/o IM 

Bus Trips 
Similar or 

Improvement 
Bus Trips 

Similar or 
Improvement 

Small 

Dual Actuated 166 211 212 Yes 222 Yes 

Split Actuated 167 174 155 No 192 Yes 

Split Pre-timed 168 148 169 Yes 198 Yes 

Big 

Dual Actuated 169 253 252 No 259 Yes 

Split Actuated 170 228 236 Yes 236 Yes 

Split Pre-timed 171 229 243 Yes 242 Yes 

Mix 

Dual Actuated 172 187 199 Yes 200 Yes 

Split Actuated 173 192 163 No 172 No 

Split Pre-timed 174 181 190 Yes 209 Yes 
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Table A3.6: Comparative productivity performance of the proposed control system(s) (in Person Trips) for various incident conditions 

Demand Case D (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 121 42144 41765 No 41798 No 

Split Actuated 122 41474 41342 No 41431 No 

Split Pre-timed 123 40812 41090 Yes 41211 Yes 

Big 

Dual Actuated 124 41109 41092 No 41118 Yes 

Split Actuated 125 40616 40278 No 40491 No 

Split Pre-timed 126 39796 40018 Yes 40355 Yes 

Mix 

Dual Actuated 127 41225 41055 No 41205 No 

Split Actuated 128 40944 40236 No 40474 No 

Split Pre-timed 129 40055 39984 No 40210 Yes 

Demand Case E1 (with Lane 2 Incident) 

 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 130 57692 57775 Yes 57845 Yes 

Split Actuated 131 53392 55450 Yes 56017 Yes 

Split Pre-timed 132 51902 55224 Yes 55847 Yes 

Big 

Dual Actuated 133 56084 56246 Yes 56430 Yes 

Split Actuated 134 52995 53840 Yes 54430 Yes 

Split Pre-timed 135 52237 53684 Yes 54420 Yes 

Mix 

Dual Actuated 136 55358 55662 Yes 55917 Yes 

Split Actuated 137 52395 53098 Yes 53782 Yes 

Split Pre-timed 138 50859 53042 Yes 53737 Yes 
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Demand Case F1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 139 63700 61842 No 63643 No 

Split Actuated 140 56836 40730 No 54642 No 

Split Pre-timed 141 49015 54844 Yes 61485 Yes 

Big 

Dual Actuated 142 75830 75645 No 75923 Yes 

Split Actuated 143 66534 64662 No 66763 Yes 

Split Pre-timed 144 65712 67192 Yes 69013 Yes 

Mix 

Dual Actuated 145 52140 52954 Yes 54402 Yes 

Split Actuated 146 55480 46006 No 49382 No 

Split Pre-timed 147 50673 51314 Yes 56713 Yes 

Demand Case D (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 148 42081 42030 No 41956 No 

Split Actuated 149 41476 41354 No 41465 No 

Split Pre-timed 150 40836 41155 Yes 41234 Yes 

Big 

Dual Actuated 151 41178 41078 No 41128 No 

Split Actuated 152 40646 40260 No 40481 No 

Split Pre-timed 153 39778 39997 Yes 40352 Yes 

Mix 

Dual Actuated 154 41226 41026 No 41114 No 

Split Actuated 155 41004 40264 No 40549 No 

Split Pre-timed 156 40069 39984 No 40258 Yes 
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Demand Case E1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 157 57676 57679 Yes 57807 Yes 

Split Actuated 158 53771 55498 Yes 55913 Yes 

Split Pre-timed 159 52290 55160 Yes 55810 Yes 

Big 

Dual Actuated 160 56112 56196 Yes 56313 Yes 

Split Actuated 161 52996 53828 Yes 54357 Yes 

Split Pre-timed 162 52297 53668 Yes 54373 Yes 

Mix 

Dual Actuated 163 55464 55505 Yes 55553 Yes 

Split Actuated 164 52278 53200 Yes 53792 Yes 

Split Pre-timed 165 50973 52990 Yes 53806 Yes 

Demand Case F1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
(Person Trips) 

Logic with IM Logic w/o IM 

Person Trips 
Similar or 

Improvement 
Person Trips 

Similar or 
Improvement 

Small 

Dual Actuated 166 65671 63268 No 66091 Yes 

Split Actuated 167 57535 40190 No 52247 No 

Split Pre-timed 168 47369 49261 Yes 57199 Yes 

Big 

Dual Actuated 169 75124 75366 Yes 76265 Yes 

Split Actuated 170 66740 65780 No 67092 Yes 

Split Pre-timed 171 65810 67866 Yes 68939 Yes 

Mix 

Dual Actuated 172 51867 54437 Yes 55221 Yes 

Split Actuated 173 55982 44419 No 46894 No 

Split Pre-timed 174 52056 51395 No 56559 Yes 
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Table A3.7: Comparative efficiency performance of the proposed control system(s) (in Average Delay/Person) for various incident conditions 

Demand Case D (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 
(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 121 206.8 248.8 No 247.2 No 

Split Actuated 122 249 282 No 272.3 No 

Split Pre-timed 123 331.5 318.4 Yes 302.6 Yes 

Big 

Dual Actuated 124 209.4 225.7 No 219.7 No 

Split Actuated 125 251.4 300.4 No 274.9 No 

Split Pre-timed 126 341.2 339.4 Yes 309.7 Yes 

Mix 

Dual Actuated 127 214.3 235.3 No 226.6 No 

Split Actuated 128 252.1 301.1 No 282.4 No 

Split Pre-timed 129 342.6 341.4 Yes 313.7 Yes 

Demand Case E1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 
(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 130 232.8 234.4 No 223.2 Yes 

Split Actuated 131 363.9 370.7 No 340.5 Yes 

Split Pre-timed 132 415.2 394.9 Yes 359 Yes 

Big 

Dual Actuated 133 236.8 237.2 No 229.7 Yes 

Split Actuated 134 363.3 388.4 No 350.3 Yes 

Split Pre-timed 135 418.6 406.2 Yes 364.7 Yes 

Mix 

Dual Actuated 136 274.2 278.2 No 266.9 Yes 

Split Actuated 137 375.5 418.9 No 380.9 No 

Split Pre-timed 138 442.5 439.8 Yes 398.7 Yes 
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Demand Case F1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 139 557.8 558.1 No 557.5 Yes 

Split Actuated 140 682.7 865.5 No 1047.9 No 

Split Pre-timed 141 698.4 882.7 No 804.6 No 

Big 

Dual Actuated 142 479.1 453.4 Yes 446.4 Yes 

Split Actuated 143 720.6 870.5 No 840.8 No 

Split Pre-timed 144 758.2 839.5 No 785.7 No 

Mix 

Dual Actuated 145 569.7 605.9 No 582.3 No 

Split Actuated 146 672.8 828.2 No 921 No 

Split Pre-timed 147 708.7 776.3 No 834.5 No 

Demand Case D (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 148 206.2 224.4 No 223 No 

Split Actuated 149 249.2 282.8 No 271.7 No 

Split Pre-timed 150 330 316.1 Yes 302.4 Yes 

Big 

Dual Actuated 151 210.3 223.5 No 219.3 No 

Split Actuated 152 250.7 301.8 No 277 No 

Split Pre-timed 153 341.2 339.8 Yes 308.4 Yes 

Mix 

Dual Actuated 154 214 237.2 No 230 No 

Split Actuated 155 252.4 299.1 No 281.3 No 

Split Pre-timed 156 344 339.8 Yes 314 Yes 



 

 

 

2
9
2
 

Demand Case E1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 157 233.9 235.6 No 226.2 Yes 

Split Actuated 158 362.1 370.2 No 344.6 Yes 

Split Pre-timed 159 414.6 395.5 Yes 359.2 Yes 

Big 

Dual Actuated 160 239.4 236.6 Yes 229.3 Yes 

Split Actuated 161 362 391.7 No 353.3 Yes 

Split Pre-timed 162 417.8 408.3 Yes 363.3 Yes 

Mix 

Dual Actuated 163 270.4 280.8 No 270.5 No 

Split Actuated 164 379.4 415.8 No 380.3 No 

Split Pre-timed 165 441.4 439.1 Yes 396.5 Yes 

Demand Case F1 (with Lane 3 Incident) 

 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Delay/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Delay/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 166 564.9 569.6 No 578.9 No 

Split Actuated 167 683.4 839 No 1054.9 No 

Split Pre-timed 168 680.8 867.8 No 800.7 No 

Big 

Dual Actuated 169 472.9 457.4 Yes 447.9 Yes 

Split Actuated 170 715.1 870.7 No 829.3 No 

Split Pre-timed 171 756.6 822.2 No 781.7 No 

Mix 

Dual Actuated 172 581.3 661.2 No 608.4 No 

Split Actuated 173 693.3 791.6 No 810.1 No 

Split Pre-timed 174 742.6 801.4 No 843.1 No 
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Table A3.8: Comparative efficiency performance of the proposed control system(s) (in Average Trip Time/Person) for various incident 

conditions 

Demand Case D (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 121 304.2 346.1 No 344.5 No 

Split Actuated 122 343.6 379.2 No 369.5 No 

Split Pre-timed 123 426 415.5 Yes 399.8 Yes 

Big 

Dual Actuated 124 403.9 419.8 No 414 No 

Split Actuated 125 441.1 494.1 No 468.8 No 

Split Pre-timed 126 530.7 532.9 No 503.4 Yes 

Mix 

Dual Actuated 127 360.4 381.3 No 372.7 No 

Split Actuated 128 395 446.8 No 428.3 No 

Split Pre-timed 129 485.3 487 No 459.4 Yes 

Demand Case E1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 130 327.9 329.4 No 318.2 Yes 

Split Actuated 131 457.1 465.1 No 434.9 Yes 

Split Pre-timed 132 508.2 489.7 Yes 453.6 Yes 

Big 

Dual Actuated 133 427.1 427.4 No 419.9 Yes 

Split Actuated 134 550.2 577.4 No 539.4 Yes 

Split Pre-timed 135 605.4 595.6 Yes 554 Yes 

Mix 
Dual Actuated 136 417.3 420.8 No 409.6 Yes 

Split Actuated 137 515.6 560.9 No 523 No 
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Split Pre-timed 138 582.7 582 Yes 541.2 Yes 

Demand Case F1 (with Lane 2 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 139 648 648.8 No 647.5 Yes 

Split Actuated 140 773.9 954.8 No 1136.8 No 

Split Pre-timed 141 789.8 971.7 No 893.3 No 

Big 

Dual Actuated 142 660 634.4 Yes 627.5 Yes 

Split Actuated 143 900.6 1051.2 No 1021.9 No 

Split Pre-timed 144 938.1 1020.1 No 966.5 No 

Mix 

Dual Actuated 145 704.9 741.4 No 717.1 No 

Split Actuated 146 807.8 963.4 No 1057.6 No 

Split Pre-timed 147 845.1 910.9 No 969.2 No 

Demand Case D (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 148 303.6 321.8 No 320.3 No 

Split Actuated 149 343.8 380 No 368.9 No 

Split Pre-timed 150 424.5 413.2 Yes 399.5 Yes 

Big 

Dual Actuated 151 404.4 417.5 No 413.4 No 

Split Actuated 152 440.4 495.4 No 470.8 No 

Split Pre-timed 153 530.7 533.3 No 502.1 Yes 

Mix 

Dual Actuated 154 360 383.1 No 376 No 

Split Actuated 155 394.8 444.8 No 427.1 No 

Split Pre-timed 156 486.5 485.4 Yes 459.8 Yes 
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Demand Case E1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person 

(in Sec)] 

Logic with IM Logic w/o IM 

[Average Trip Time/ 

Person 
(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 157 328.9 330.6 No 321.2 Yes 

Split Actuated 158 455.1 464.5 No 439.1 Yes 

Split Pre-timed 159 507.7 490.3 Yes 453.9 Yes 

Big 

Dual Actuated 160 429.6 427 Yes 419.6 Yes 

Split Actuated 161 548.9 580.6 No 542.5 Yes 

Split Pre-timed 162 604.5 597.6 Yes 552.6 Yes 

Mix 

Dual Actuated 163 413.3 423.6 No 413.5 No 

Split Actuated 164 519.7 557.7 No 522.6 No 

Split Pre-timed 165 581.6 581.2 Yes 538.7 Yes 

Demand Case F1 (with Lane 3 Incident) 

Network 
grid type 

Phase settings 
(Control Type) 

Model 
ID 

CORSIM 
[Average Trip Time/ 

Person (in Sec)] 

Logic with IM Logic w/o IM 

Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

[Average Trip Time/ 

Person 

(in Sec)] 

Similar or 
Reduction 

Small 

Dual Actuated 166 655.8 660 No 669.5 No 

Split Actuated 167 775.6 927.8 No 1143.4 No 

Split Pre-timed 168 772.6 958.3 No 890.2 No 

Big 

Dual Actuated 169 653.9 638.7 Yes 628.8 Yes 

Split Actuated 170 895 1050.1 No 1009.7 No 

Split Pre-timed 171 935.7 1001.8 No 962.3 No 

Mix 

Dual Actuated 172 717.4 796.3 No 743.5 No 

Split Actuated 173 828.7 927.1 No 946.1 No 

Split Pre-timed 174 877.5 936.3 No 978.1 No 
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Figure A3.1: Performance (in Person Trips) of Dual Actuated Setting in Demand 

Case F1 

 

Figure A3.2: Performance (in Person Trips) of Dual Actuated Setting in Demand 

Case F2 
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Figure A3.3: Performance (in Person Trips) of Protected Actuated Setting in 

Demand Case F1 

 

Figure A3.4: Performance (in Person Trips) of Split Actuated Setting in Demand 

Case F1 
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Figure A3.5: Performance (in Person Trips) of Split Actuated Setting in Demand 

Case F2 

 

Figure A3.6: Performance (in Average Trip Time/Person) of Split Pre-timed 

Setting in Demand Case F1 
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Figure A3.7: Performance (in Person Trips) of Split Pre-timed Setting in Demand 

Case F2 
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Figure A4.1: Coefficients Sensitivity Patterns (% Change of Person Trips) for Dual Actuated Control (Demand Case F2) 
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Figure A4.2: Coefficients Sensitivity Patterns (% Change of Average Trip Time/Person) for Dual Actuated Control (Demand Case F2) 
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Figure A4.3: Coefficients Sensitivity Patterns (% Change of Person Trips) for Split Pre-timed Control (Demand Case C) 
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Figure A4.4: Coefficients Sensitivity Patterns (% Change of Average Trip Time/Person) for Split Pre-timed Control (Demand Case C) 
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Figure A4.5: Coefficients Sensitivity Patterns (% Change of Person Trips) for Split Pre-timed Control (Demand Case F2) 
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Figure A4.6: Coefficients Sensitivity Patterns (% Change of Average Trip Time/Person) for Split Pre-timed Control (Demand Case F2)
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Figure A4.7: Offered load versus throughput for Split Pre-timed in mix grid 

network  

 

 

Figure A4.8: Offered load versus delay for Split Pre-timed in mix grid network 
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Figure A4.9: Offered load versus throughput for Split Pre-timed in big grid 

network  

 

 

Figure A4.10: Offered load versus delay for Split Pre-timed in big grid network 
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Figure A4.11: Offered load versus throughput for Dual Actuated in small grid 

network  
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Figure A4.12: Offered load versus delay for Dual Actuated in small grid network 

 

Figure A4.13: Offered load versus throughput for Dual Actuated in mix grid 

network  
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Figure A4.14: Offered load versus delay for Dual Actuated in mix grid network 

 

Figure A4.15: Offered load versus throughput for Split Actuated in small grid 

network 

 

63000420003150021000126004200

1000

900

800

700

600

500

400

300

200

100

Offered Load (Passenger Cars per 1.5 hours)

D
e
la

y
 (

s
e
c
o
n

d
s
/v

e
h

ic
le

)

CORSIM

Logic W/O IM

Logic with IM

Controller

Delay (seconds/vehicle) of Dual Actuated Control in a Mix Grid Network

63000420003150021000126004200

40000

30000

20000

10000

0

Offered Load (Passenger Cars per 1.5 hours)

T
h

r
o
u

g
h

p
u

t 
(v

e
h

ic
le

s
 p

e
r
 1

.5
 h

o
u

r
s
)

CORSIM

Logic W/O IM

Logic with IM

Controller

Throughput (vehicles) of Split Actuated Control in a Small Grid Network



 

312 

 

 

Figure A4.16: Offered load versus delay for Split Actuated in small grid network 

 

Figure A4.17: Offered load versus throughput for Split Actuated in mix grid 

network  
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Figure A4.18: Offered load versus delay for Split Actuated in mix grid network 

 

Figure A4.19: Offered load versus throughput for Split Actuated in big grid 

network  
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Figure A4.20: Offered load versus delay for Split Actuated in big grid network 

 

 

Figure A4.21: Offered load versus throughput for Protected Pre-timed in small 

grid network 
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Figure A4.22: Offered load versus delay for Protected Pre-timed in small grid 

network 

 

Figure A4.23: Offered load versus throughput for Protected Pre-timed in mix grid 

network  
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Figure A4.24: Offered load versus delay for Protected Pre-timed in mix grid 

network 

Figure A4.25: Offered load versus throughput for Protected Pre-timed in big grid 

network 
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Figure A4.26: Offered load versus delay for Protected Pre-timed in big grid 

network 
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