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 Exploring the quality of transit service is traditionally 
done on a mode-by-mode basis

– It is rare to find studies that investigated the impacts of 
breakdown of one transit mode on other functioning 
modes in multimodal integrated transit systems

Research Gap



 Furthermore, although one of the main strategies that 
has been widely employed to deal with rail service 
interruptions is “bus bridging”, whereby buses from 
scheduled services are retracted and deployed to offer 
shuttle services

– It is rare to find studies that optimize shuttle service employment 
in order to minimize subway service’s interruptions impact on 
bus users

Research Gap



1. Aims at understanding the impact of incident and 
interruption delays of Toronto’s subway system on the 
performance of adjacent surface transit system, namely 
buses and streetcars

2. Develop a shuttle service optimization model to help 
transit agencies in determining the optimal routes from 
which to pull buses from as well as to find the optimal 
number of buses

Research Objective (or Projects)



Understanding the impacts of subway's system 
interruptions on adjacent streetcar and bus transit 
service performance

First project:

Diab, E., & Shalaby, A. (2017) Understanding the impacts of subway's 

system interruptions on streetcar and bus transit service performance. 

paper presented at the 3rd International Workshop and 

Symposium TransitData in Santiago, Chile, May 22-24, 2017.



Methodology - Data

 Two sets of data:

– Detailed dataset of subway incidents in 2013 compiled 
by the Toronto Transit Commission (TTC)

– TTC’s Automatic Vehicle Location (AVL) system data 
for bus and streetcar routes that are within a short 
walking distance (200 m) from the subway stations 
investigated in this study



Methodology - Data

 Subway system interruption data:

– A total of 12,o00 subway incidents at the station level 
of analysis in 2013

– For each record, the TTC’s dataset includes:

• date, time 

• subway station, direction of travel 

• amount of delay (in minutes) 

• train number and type

• a brief description of the incident and a code 
representing the incident type



Methodology - Study Time Frame

 The time frame of interest include all weekdays of May 
2013

 That month saw the greatest number of incidents with 
the largest amount of delay, and lowest standard 
deviations at the system level in 2013



Methodology - Subway Stop Selection

 Focus on 24 subway stations along Line 1 (YUS line)

 These stations were selected according to a composite 
indicator that was generated to identify the most 
vulnerable stations in the subway system.





Methodology – Analyzed Incidents

 Allowing us to analyze the impacts of 388 incidents 
with total delay of 1702 minutes, ranging from 2 
minutes incidents to 73 minutes incidents



Methodology

 More than 80 million observations were collected from 
the TTC’s AVL system for 41 bus routes and 10 
streetcar routes for the weekdays between May 1st and 
31st, 2013

– AVL data include information on bus and streetcar locations (x 
and y coordinates) recorded every 20 seconds as well as other 
information related to time of record and route number



Methodology – data preparation

 Trip-time-point segment is the 
study’s unit of analysis

– defined as the part of a trip over a 
route section between every two 
consecutive time points along a route

 Thus, all the variables were 
summarized according to that

– E.g., average speed per trip-segment



Methodology – data preparation

 After this process, about 
1,200,000 and 800,000 trip-
segment records were included in 
the analysis for the bus and 
streetcar datasets, respectively



Methodology

 Descriptive statistics

 Two statistical models using the bus and streetcar 
service average speed (kilometre/hour) per trip-
segment as the dependent variable

– Bus speed model

– Streetcar speed model



Methodology
Variable 
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Direction

Segment sequence

Number of scheduled stops

Adjacent segment (within 200 meters)

Segment with a layover

Segment distance (KM)

Streetcar—Bus

Streetcar STC—ALRV

Streetcar —Flexity

Bus route number i (41 dummy variables)

Streetcar route number i (10 dummy variables) 

Distance to Union Station (KM)

Morning peak

Afternoon peak

Early evening

Late evening

Subway station ridership (in thousands)

Subway station ridership^2

P
o

li
c

y
 v

a
r

ia
b

le
s

Trips starting within 5 minutes of an incident

Trips starting within 5-10 minutes of an incident

Trips starting within 10-20 minutes of an incident

Trips starting within 20-30 minutes of an incident

Trips starting within 30-60 minutes of an incident

Trips starting within 60+ minutes of an incident

Segments after an impacted segment

Trips in same direction of an incident

Trips starting after a cleared incident



Analysis - Models
Streetcar speed model Bus speed model



N 780,705

Adjusted R 

Square
0.32

F 

statistics

(33, 780680) 

12193

F sig. 0

Bold indicates statistical 

significance

*** Significant at 99%

** Significant at 95% 

* Significant at 90% 

Analysis - Streetcar speed model
Coeff. Z

95% Conf. Interval

Lower 

Bound

Upper 

Bound

(Constant) 10.1 312.4 *** 10.1 10.2

Direction -0.41 -39.38 *** -0.43 -0.39

Time-point sequence 0.05 19.75 *** 0.04 0.05

Number of scheduled stops -0.03 -43.34 *** -0.03 -0.03

Adjacent segment (within 200 meters) -2.91 -163.7 *** -2.94 -2.87

Segment with a layover -1.83 -143.6 *** -1.86 -1.81

Segment distance (KM) 2.34 229.6 *** 2.32 2.36

Streetcar CLRV (Base case)

Streetcar bus -0.32 -9.25 *** -0.39 -0.25

Streetcar ALRV -0.21 -5.12 *** -0.29 -0.13

Streetcar Flexity 0.41 0.20 -3.58 4.39

Distance to Union Station (KM) 0.48 51.65 *** 0.46 0.50

Morning peak 1.50 99.00*** 1.47 1.53

Midday (Base case)

Afternoon peak -0.72 -51.70*** -0.75 -0.69

Early evening 1.17 69.48*** 1.13 1.20

Late evening 3.98 231.41*** 3.95 4.02

Subway station ridership (in thousands) -0.03 -13.24*** -0.04 -0.03

Subway station ridership^2 0.00 13.45*** 0.00 0.00

Trips starting during normal operations (base case)

Trips starting within 5 minutes of an incident -0.44 -1.63 -0.98 0.09

Trips starting within 5-10 minutes of an incident -1.40 -4.10*** -2.07 -0.73

Trips starting within 10-20 minutes of an incident -1.17 -3.71*** -1.79 -0.55

Trips starting within 20-30 minutes of an incident -1.06 -3.30*** -1.70 -0.43

Trips starting within 30-60 minutes of an incident -1.14 -3.24*** -1.84 -0.45

Trips starting within 60+ minutes of an incident -1.80 -2.11** -3.47 -0.13

Time-point after an incident -0.02 -1.71* -0.08 0.01

Time-point after a cleared incident 1.00 3.54*** 0.45 1.56



Sensitivity analysis- Streetcar

Morning 

peak

Midday 

period

Afternoon 

peak

Early 

evening

Late 

evening
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Trips starting during normal operations 11.02 9.52 8.80 10.69 13.50

Trips starting within 5 minutes of an incident 11.02 0.0% 9.52 0.0% 8.80 0.0% 10.69 0.0% 13.50 0.0% 0.0%

Trips starting within 5-10 minutes of an incident 9.62 -12.7% 8.12 -14.7% 7.39 -16.0% 9.28 -13.1% 12.10 -10.4% -13.4%

Trips starting within 10-20 minutes of an incident 9.85 -10.6% 8.35 -12.3% 7.63 -13.3% 9.52 -10.9% 12.33 -8.6% -11.1%

Trips starting within 20-30 minutes of an incident 9.96 -9.7% 8.45 -11.2% 7.73 -12.1% 9.62 -10.0% 12.44 -7.9% -10.2%

Trips starting within 30-60 minutes of an incident 9.88 -10.4% 8.37 -12.0% 7.65 -13.0% 9.54 -10.7% 12.36 -8.5% -10.9%

Trips starting within 60+ minutes of an incident 9.22 -16.3% 7.72 -18.9% 7.00 -20.4% 8.89 -16.8% 11.70 -13.3% -17.2%

Averages 9.9 -9.9% 8.4 -11.5% 7.7 -12.5% 9.6 -10.3% 12.4 -8.1%

% of change in speed = (trip speed during an incident category - trip speed during normal operations)/ trip speed during normal operations

 Streetcar line with median speed: Route 501-Westbound- CLRV

– Average speed during different type periods



Bold indicates statistical 

significance

*** Significant at 99%

** Significant at 95% 

* Significant at 90% 

N 1,172,542

Adjusted 

R Square
0.39

F 

statistics

(61, 1172521) 

25431

F sig. 0

Coeff. Z

95% Conf. Interval

Lower 

Bound

Upper 

Bound

(Constant) 14.21 266.5*** 14.11 14.32

Direction 0.29 21.20*** 0.26 0.32

Time-point sequence 0.03 11.51*** 0.03 0.04

Number of scheduled stops -0.21 -49.56*** -0.22 -0.20

Adjacent segment (within 200 meters) -3.94 -232.4*** -3.97 -3.91

Segment with a layover -7.69 -336.5*** -7.74 -7.65

Segment distance (KM) 2.83 204.1*** 2.81 2.86

Distance to Union Station (KM) 0.17 44.21*** 0.16 0.17

Morning peak 0.48 24.83*** 0.45 0.52

Midday (Base case)

Afternoon peak -2.09 -112.7*** -2.12 -2.05

Early evening 1.97 87.82*** 1.92 2.01

Late evening 6.38 273.9*** 6.34 6.43

Subway station ridership (in thousands) -0.03 -12.40*** -0.04 -0.03

Subway station ridership^2 0.00 13.86*** 0.00 0.00

Trips starting during normal operations (base case)

Trips starting within 5 minutes of an incident 0.06 0.32 -0.32 0.44

Trips starting within 5-10 minutes of an incident 0.14 0.74 -0.23 0.51

Trips starting within 10-20 minutes of an incident 0.02 0.13 -0.26 0.30

Trips starting within 20-30 minutes of an incident -0.29 -2.03** -0.58 -0.01

Trips starting within 30-60 minutes of an incident -0.60 -2.58*** -1.05 -0.14

Trips starting within 60+ minutes of an incident -3.55 -1.37 -8.62 1.53

Time-point after an incident -0.43 -11.21*** -0.51 -0.36

Incident in same direction of travel 0.36 1.77* -0.04 0.75

Analysis - Bus speed model



Sensitivity analysis- Streetcar

 For bus line with median speed:  Route 96 - Eastbound

– Average speed during different type periods

Morning 

peak

Midday 

period

Afternoon 

peak

Early 

evening

Late 

evening
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Speed 

(Km/h)
%

Trips starting during normal operations 17.02 16.53 14.45 18.50 22.92

Trips starting within 5 minutes of an incident 17.02 0.0% 16.53 0.0% 14.45 0.0% 18.50 0.0% 22.92 0.0% 0.0%

Trips starting within 5-10 minutes of an incident 17.02 0.0% 16.53 0.0% 14.45 0.0% 18.50 0.0% 22.92 0.0% 0.0%

Trips starting within 10-20 minutes of an incident 17.02 0.0% 16.53 0.0% 14.45 0.0% 18.50 0.0% 22.92 0.0% 0.0%

Trips starting within 20-30 minutes of an incident 16.72 -1.7% 16.24 -1.8% 14.15 -2.0% 18.21 -1.6% 22.62 -1.3% -1.7%

Trips starting within 30-60 minutes of an incident 16.42 -3.5% 15.94 -3.6% 13.85 -4.1% 17.90 -3.2% 22.32 -2.6% -3.4%

Trips starting within 60+ minutes of an incident 17.02 0.0% 16.53 0.0% 14.45 0.0% 18.50 0.0% 22.92 0.0% 0.0%

Averages 16.9 -0.9% 16.4 -0.9% 14.3 -1.0% 18.4 -0.8% 22.8 -0.6%

% of change in speed = (trip speed during an incident category - trip speed during normal operations)/ trip speed during normal operations



Conclusions

 Subway incidents have more immediate and long lasting 
negative impacts on streetcar service than for buses

 Reflecting the TTC practice of directing users to 
streetcar service when a service interruption occurs 
along the south section of the subway system (U-shaped 
section)

 Also, reflecting the used protocols of deploying less 
buses for shuttle service along the south section of 
the subway system where parallel streetcar service is 
available



Shuttle service optimizing: Determining the optimal  
number of buses and routes to pull from to minimize the 
transit users’ excess waiting time

Second project:

Padmanie Maulkhan
University of Toronto - Industrial Engineering undergraduate student



 TTC retracts buses from scheduled routes with high 
service frequencies according to certain criteria

 Buses dispatched equally from each of the seven 
divisions managed by TTC 

DAILY BUSES ALLOCATION Y.U.S / B.D

30 MINS + 30 MINS + 30 MINS + 1 - 30 MINS 1 - 30 MINS 1 - 30 MINS

TIME FRAME
Total 

buses

1 - 4 

STATIONS

5 - 9 

STATIONS

10 + 

STATIONS

1 - 4 

STATIONS
5 - 9 STATIONS

10 + 

STATIONS

3.33% 6.66% 10%

A.M 6 - 9 AM 1325 44 88 133 22 44 66

MID 9 AM – 3 PM 881 29 59 88 15 29 44

PM 3 – 7 PM 1426 47 95 143 24 47 71

E.E. 7- 10 PM 819 27 55 82 14 27 41

LE. 10PM - 1AM 506 17 34 51 8 17 25

TTC’s protocols





Current problem

However, TTC does not have a clear methodology for 
selecting buses for shuttle service, resulting in:

 Excessive deadhead time 

– Sometimes longer than expected delay
• In 2015, the average shuttle bus delay is 86 minutes  (from bus 

pull-out time until bus return), while the average subway incident 
delay is 34 minutes.

 Passengers waiting longer than necessary

 Dispatched buses < requested buses 



Research objective

 Enhance transit system resiliency:
– by minimizing the impacts of shuttle service 

employment on bus system, helping the bus system 
to return to normal operations as quickly as possible



Research approach

 A shuttle service optimization model is 
currently under development to:

– determine optimal routes from which to pull buses 
from to provide a shuttle service

– find the optimal number of buses to pull



Research approach - Objective Function

 With a main goal of minimizing the excess 
waiting time for all TTC’s customers that are:

– directly affected (on the subway line), and 

– indirectly affected (on routes where buses are pulled 
from)



Research approach -Constraints

 Total number of pulled buses should not exceed 
recommended maximum number of buses by TTC

 Buses must arrive to site before expected disruption 
time

 Removal of a bus from route i will not send it over crush 
capacity

 Removal of a bus from route i will not increase headway 
to more than 30 mins (TTC Policy headway)



Still in progress…

 Preparation of data inputs is taking place (Candidate bus routes: 
frequency, demand, loading factor, distance from route terminal 
to incident location, etc.)

 Optimization Model formatting is in progress... 
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