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Overview of US Freight Railroads

= US railroads carry about 30 million carloads per year.
= Total revenue: $40 billion per year.

= Major goods transported:

= Intercity freight revenue:

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

NDP UOK Dr.Ghaderi

The Railroad Network

= A typical rail network spans 20,000 to 50,000 track
miles.

Role of Yards in Railroads
» Railroad yards act as hubs where cars change
trains. "
[ 5 )
= Classification, Freight, Marshalliné',' Shunting, or Switching
yards 8
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A typical freight train

Normal direction of travel
Marker Lamps |]|]|:> (front)

\Nl,

Caboose \ / / Locomotive

“ . , Freight Cars
* A'train™

— Has a locomotive at the front end.
— May have 0, 1 or more cars behind.

— Displays “markers” at the end of the train
* Historically: marker lamps were on the caboose

e Today: a “FRED” is mounted on the last car.
(“flashing rear-end-device”)

|
YARD SWITCHING

= A Yard is a collection of parallel tracks.
= It is controlled by the Yardmaster.

= A Yard is used to:

»receive an arriving train

»break down cars in an arriving train

»sort cars into groups going to next destinations.
»make up a train going to a destination

» |t is NOT used as “storage” for cars not in
use.
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What is a Railroad Switching Yard?

* A place where a diesel
railroad locomotive that has
seen its better days on the
mainline is used for the
assembly of trains.

e The “old” diesel railroad
locomotive is used to attach
and detach rail cars and
position them in sequence 10 ¢ s4s 8193 and 8192 switch cars.
travel to different sites.

» Place where “switch”
locomotives are left idling.

ol 33 (Gokid 4> ildos

(\ A wagon spends two-thirds of
4| its time in a marshalling yard

’glﬁ Wagon detention time
_(:‘! represents blocked capital

12
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»Simple yard

»Single-ended flatyard

595‘ »Double-ended flatyard

;,‘?' > directional flatyard

v »Hump yard

14
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Fig. 1. Bimple yard
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(This slower eastbound train has taken the siding
so that it may be passed by a faster train behind).

Thisis a
passing siding.

I ol 1D s

Thisis a
double-ended
spur.
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Single-ended flatyard
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Double-ended flatyard
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Fig. 5. Thuhle-ended Aatvard.
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Directional flatyard

RLCLIWIRG - DEFRATURL TRADKS

Fig. 4 Direolivnsl Halvual,
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Railroad Planning and Scheduling Process

;Service Design

Locomotive Sched. Crew Scheduling Train Dispatching

Real-Time Scheduling

25

|
State-of-the-Art in Railroad Planning

» Railroad planning and scheduling problems are
very large-scale and very difficult discrete
optimization problems.

= Almost all railroad planning and scheduling
problems are solved manually.

= There are teams of 10-20 highly experienced
personnel for solving each problem.

26
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Railroad Blocking Problem(RBP)

Ref:

[1] Newton, H.N., Barnhart, C. and Vance, P.M. (1998)
“Constructing railroad blocking plans to minimize handling
costs”, Transportation Science, 32, 330-345.

[2] Ahuja, R.K., Jha, K.C. and Liu, J. (2007) “Solving real-life

railroad blocking problems”, Interfaces, 37, 404-419.
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Package Delivery Problem

Origins Destinations
Sorting Stations

Design the sorting network and route all packages in it to
minimize the weighted sum of travel times and sortings.

28
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Railroad Blocking Problem (contd,

\.

Yards Destinations

Origins  Blocking Arcs 29

Railroad Blocking Problem

— Origin-Destination shipments or commodities
— Size: 50,000 to 100,000 shipments per month
— Each shipment contains different number of cars

— Average of 10 cars per shipment

— Thousands of trains per month

— An O-D shipment is carried by several trains

30
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Railroad Blocking Problem

% The shipment, or commodity, may pass through many
classification yards on its route from origin to destination. At
these yards, the incoming traffic, which may consist of
several shipments, is reclassified (sorted and grouped
together) to be placed on outgoing trains.

On average, each reclassification results in a one day delay
for the shipment.

In addition, the classification process is labor and capital
intensive because many workers and large quantities of
equipment are needed to sort the traffic, and construction
and maintenance of large yards is necessary to handle the
sorting task 31

X/
L X4

X/
L X4

|
O Juid g g SN

+« To prevent shipments from being reclassified at every yard
they pass through, several shipments may be grouped
together to form a block.

+ Ablock has associated with it an OD pair which may or may
not be the OD pair of any of the individual cars contained in
the block.

« After a shipment is placed in a block, it is not reclassified
until it reaches the destination of that block.

32
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Railroad Blocking Problem

% The blocking plan determines how to aggregate a large
number of shipments into blocks of shipments as they travel
from origins to destinations .

% The objective of railroad blocking is to choose which
blocks to build at each yard and to determine the sequences
of blocks that deliver each shipment to minimize the total
miles that the shipments travel and their intermediate
handlings (or reclassifications).

IS 1o — (g Sl 5 i b 0L Clui) 355l 42 LS9 o £ Sy

(12] @ (Y)

33

[
RBP o sl 4 3

+ Costs based on the distance traveled (car-miles), the time
elapsed (car-hours) and the reclassifications (handlings)

required to deliver each commodity.

«» Other costs are usage fees for links belonging to other railroads and
premiums for using routings that are serviced by older, less efficient
locomotives. Link-specific costs, depending on the grades involved or
congestion in an urban area, might also be included, as well as link or
station-dependent labor and equipment costs. There may also be a

fixed cost associated with choosing to build a given block.

34
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+ Classification capacity
+« Priority classes:

« For example, express traffic (e.g., automotive parts or
intermodal) must be delivered in a few days (usually two
or three days) while non-express traffic (e.g., general
merchandise) may be in transit for one to two weeks.

36
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constraints on the maximum number of times each
commodity in each priority class is reclassified.
constraints on the number of blocks built and the total
volume of cars handled at each terminal.

X/
°e

37

Problem Description

Given:

> A set of shipments with different origins/destinations

» Decision Variables:
— Design the blocking network

— Route all shipments over the blocking network

» Constraints:

» Maximum number of arcs we can build at a node
» Volume of shipments passing through a node is limited

» Objective Function:
» Minimize the weighted sum of distance traveled by

shipments and their node handlings
38
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Size of the Problem

* Network size:
— 1,000 origins
— 2,000 destinations
— 300 yards

* Number of network design variables:
— 1,000x300 + 300x300 + 300x2,000 ~ 1 million

* Number of flow variables:

— 50,000 commodities flowing over 1 million potential
arcs

39

e
Difficulty of the Problem

* Network design problems are hard nuts.

* Problems with only a few hundred network design
variables can be solved to optimality.

¢ Railroads want a near-optimal and implementable
solution within a few hours of computational time.

40
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Railroad Blocking Problem
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Railroad Blocking Problem

The solution to the blocking problem consists of
creating a blocking plan and routing different
shipments over this network.

— JE———

S ——— 30~

A blocking network consists of nodes representing yards and

arcs representing blocks 43

Flow of Blocks on Trains
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= We define commodities as origin-destination pairs of
terminals.

LY Cu J b plpoilyd o Jlo ol 5o Y Céx 15 Sluwd ol ply =
N U L]
= The only commaodities assumed are : A->B with 100 cars,
A->C with 80 cars, and A->D with 90 cars.
gl Sluni 9 ol (S diub (S 5719 dlual) e S Codgamo ®
(b ol 33 ouls wislw S
(L ol 35 (S diubr @lio S d9iomo 3529 e 4)

»Terminal A has volume capacity of 270 cars which is its
minimum since 270 cars originate there. Terminal B and
C can each block 90 cars.

> Terminal A can build 2 blocks whereas each of the other
terminals can only build one block. 47

= One performance metric of a blocking plan is the total

number of classifications necessary to deliver all
commodities.

Ny Ciliteo b slez b Sk dib 5 81w Ll s g B
Nigh (0 () y dhws (0l STy

48
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Elocking Plan 1

= At terminal A all three commodities are sorted to move to
terminal B; At terminal B, commodity A>B has reached its
destination and leaves the system.

=3
= Commodities A > C and A - D are blocked to be move to

terminal C; and so on.

= Using this blocking plan, the 100 cars for commodity A->B
each use one block, (A,B), the 80 cars for commodity A>C
each use two blocks, (A,B) and (B,C), and the 90 cars for
commodity A->D each use three blocks, (A,B),(B,C),(C,D).
4 Abl 00T b plp iy cpl 53 1 (G 4l 5 Sluawi =

1wl delxo BB ) Oygo @
(100+80+90) + (80+90) +90 = 530

b sl 4290 (1) Z UT

=The strategy of building blocks only between adjacent

terminals, as in blocking plan 1, is referred to as "short
blocking." 49

Pgd SN T b

Blocking [Man 2

= Blocking plan 2 provides a "direct" block from terminal A to
terminal D.

= Cars which travel in block (A,D) will still move along the
physical track through terminals B and C, but since they
are pre-sorted for terminal D, they do not require
classification resources at B or C.

= To deliver the three commaodities using this blocking plan
requires 350 classifications, since the 90 cars of
Commodity A>D now require only one block, (A,D).

4 abl oT00 b ply bl 50 1y Sy AWM 5 Sluw =
1ol daloo B 9 ) g0 @
(100+80+90) + (80) = 350
b cwldzg (V) s LT =

50
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= Similar calculations show that blocking plans 3 and 4 require 360
and 270 classifications, respectively.

= However, blocking plan 4 is infeasible since it requires three
blocks for terminal A which has a maximum of two blocks.

= Always blocking commaodities directly to their destination, as in
blocking plan 4, is referred to as "long blocking.”

= So blocking plan 2 with 350 handlings is optimal with respect to
the total number of classifications required. However, if the
number of cars which could be blocked at B is reduced to less
than 80 (or equivalently, the volume of commodity A->C were
more than 80), then blocking plan 2 would be infeasible and
Blocking Plan 3 with 360 handlings would be optimal.

51

[
Railroad Blocking Problem aluw jlw Jow

S ki 09 35 98 3 IS0 tawoucl (SIS parin >
o Blocking decisions: What is the blocking
network? (i.e., how many blocks are made,
and what is the origin-destination of each
block?)
o Shipment-block sequencing decisions: How is

each origin-destination shipment routed over
the blocking network?

52
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Railroad Blocking Problem
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MN: set of nodes denoting the stations where ship- |

ments originate, terminate, or are swapped. We use
the index { to denote a station in the node set. .

A: set of potential blocking arcs in N = N, ie., :J"\“ LS'“)‘W‘)"?,
(i, j) € A if a block can be built from node i to node .

G=(N, A) blocking network.

(i) set of arcs in A emanating from i.

& (i) set of arcs in A entering node /.

E: set of shipments; we use index & to denote a
shipment.

a(k): origin of shipment k € K.

d(k). destination of shipment k € K,

iy number of cars in shipment k € K.

m,;: cost of flosw per car in block (i, j) € A. In gen-
eral, this cost is proportional to the length of the
block.

f: cost of classifying a car at node 1 € N.

u;: maximum number of cars that can flow on
block (i, i) = A

d; maximum volume of cars that can be handled
at node e N.

b maximum number of blocks that can be created
at node fe N.

55

e
Railroad Blocking Problem
iJ e (S akie

The blocking problem has two sets of binary deci-
sion variables: y; and x;. The variable y, takes
value one if we decide to build the arc (i,)) € A, and
is zero otherwise. The decision variable x} is v, if
shipment k flows on the arc (i, j) € A, and is zero oth-
erwise.

56
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Railroad Blocking Problem
mnY ¥ mx+Y Y Y hx (la) :4lie MIP JM

ek i, f1ed M kK (), Nedt(i

subject to
v, ifi=ofk),
Y o= 3 a=10 if i  o(k) or d(k),

—o,  if i =d(k)
for all k& K, {1b)

3 = i, forall (i, fle A, (1c)
kek

3 yy=h forallieN, (1d)
L FIEAT )
Y Y xi=<d forallieN, {1e)
bek (i, fled— (i

y,=0o0rl foreach(i.fled, and x;=00rw

for all (i, YeA and all ke K. (1f) 57

Railroad Blocking Problem
mn} ¥ w4+ Y Y haxt o (la) :4dlis MIP JM

kel i, (e el kK (], Nedtily

subject to
v, if i=o(k),
oo — Y al=1q0 if i = o(k) or d(k),

—o,  if i =d(k)
forall ke K, {1k}

LS bl (o0 Ol SO b Bt 35 &5 (1) b of o (1) (Sla g Sguis
B 0 BT T 4G 5O awn O (59 g @S YT Qb o o5 S 0

yy=00r1 foreach(i.fled, and x;=00rg

for all (i, e A and all ke K. (1f) 58
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Railroad Blocking Problem
|'mn:';£' E mxt 4 ZZ hxl  (la) :4lie MIP JM

kR (1, Dt

subject to
if i = o(k),

Y o= 3 a=10 if i  o(k) or d(k),

0F, flad] (f, TIES
-1, it i =d{k)
for all ke K, {1b]
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Railroad Blocking Problem
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Problem

optimal solution.

o Keaton (1989, 1992) develops a nonlinear MIP for the blocking

o Huntley et al. (1995) develops a simulated annealing approach

o Gorman (1998) proposes a genetic algorithm for the problem.

o Newton et al. (1998) model the blocking problem as a network-
design model and formulate it as a MIP. They develop column
generation and branch-and-price algorithms to solve it.

o Barnhart et al. (2000) use the same formulation and propose the
Lagrangian relaxation technique to decompose the problem into
two subproblems. Their approaches focus on determining a near-

o Ahuja et al. (2007) developed an algorithm using an emerging
technique known as very large-scale neighborhood VLSN search

that is able to solve the problem to near optimality using one to two
hours of computer time on a standard workstation computer.
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Neighborhood Search Algorithms

» Start with a feasible solution x
» Define a neighborhood of x

> Identify an improved neighbor y
» Replace x by y and repeat

63

VLSN Search

= Quality of the local optimal solution
» Better as the size of the neighborhood increases
» Running time increases with the increase in size

= VLSN Search
» Very large neighborhoods
» Neighborhoods enumerated implicitly
» Use of network/discrete optimization algorithms

64
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VLSN search algorithm for solving RBP

algﬂl‘ilhm Blockirg;
begin
construct an initial feasible solution of the blocking prollem;
while the current solulion iz not ||'-|_"._1||:|.' :1ptimal do
begin [one pass|
for each node i =1 to » do N

begin _ VLNS iteratively
delete all the blocks made at node ¢ and reroute the improves the current

shipments flowing on the deleted blocks; . .
enumerate all candidate blocks at node 1 and determing b|OCkII'-]g S.O|Ut-I0n. by
potential savings of each such block if it is built; > replacing it with its

add a candidate block with the maximum savings, revise neighbor solution

potential savings of candidate blocks, and repeat this until the solution can
step I.I11ti.1.1.'itllf.‘.l' the hlul.'kin;._; -r.'u}?.'-l:lt}' uF I'I-{H.|.L' r:.is- r.|.1|."t no longer be
or there is no candidate block with positive savings; _J .
i) improved.
end; fore pass]
end; This algorithm has two important subroutines:
1) constructing the initial feasible solution

2) reoptimizing the blocks originating at a node.

65
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]
Train Design Problem

Ref:

Routing :

[1] Crainic, T.G., Ferland, J-A., and Rousseau, J.-M. (1984) “A tactical planning
model for rail freight transportation”, Transportation Science, 18, 165-184.

[2] Crainic, T.G., Florian, M., and Leal, J.-E. (1990) “A model for the strategic
planning of national freight transportation by rail”, Transportation Science, 24, 1-
24,

Routing & Scheduling:

[3] Gorman, M.F. (1998) “An application of genetic and tabu searches to the freight
railroad operating plan problem”, Annals of Operations Research, 78, 51-69.

Train Design Problem

Trains
Origins, Destinations, Routes
Timings and Frequencies

Blocks =)

Blocks-to-Train
Assignments
Train Paths for each block

esign Proble

Shipments =———————p
Origin, Destination,
Release Time

Trip Plan
Train Path for each Shipment
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Flow of Blocks on Trains
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: (Operating Policies) ks ol cwlbuw >

U Line policies: Determine what trains will be run on a

network, on what routes, how often, following what schedule (if
any) and what priority rules will govern meets and overtakes on
the tracks. Line policies also specify the routing of traffic through
the network, the assignment of traffic to trains and empty car and
locomotive flows.

Q Yard policies: Yard policies specify the operations performed
on the traffic passing through the yard: receiving, inspection,
classification, assembly, connection and so on.

71
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1) Train routing: on what routes should trains run, at what

speed priority and at what frequencies?

2) Traffic routing: for each traffic class, what train sequence
should be used and what operations should be performed on the

cars at each intermediary stop?
72
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3) BIocking strategies: what blocks should be built at each
yard?

4) Makeup strategies: what blocks should each train carry?

5) Allocation of classification work among

yards: how should classification work be distributed among the

various yards, to fully use their capacities and avoid congestion?
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» Suppose that the physical network is represented by a directed
graph G, = (N, A,;,) where N is the set of nodes (yards and junction
points) and A, is the set of links representing the track sections
between yards.

» For each origin-destination pair in the network, traffic demand is
assumed to be specified in terms of cars (or any other equivalent
measure of tonnage) to be moved between the two yards.

» Furthermore, since different costs are incurred to handle different types
of goods, traffic demand has to be divided into different classes. Thus, a
traffic class m = (O, D, C) is associated with a specific origin-destination
pair (O, D), O, D eN and a commadity C, and d™ denotes the traffic
demand of commodity C from O to D. Let M be the set of all traffic
classes. 75

o 2Ly Jow

fgwd 990 s TS 9 (K b 400~
»Based on the physical network G, the service network
G = (N, A) specifies the set of feasible routes on which train
services may be operated.

O »= () » O >0

4 Iz 15 1

LU TLIY

a) Gph

ph
> service leg (wwoas 2w), defined as the route

traveled between two consecutive stops,
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P F—————0
o > D 9790 455 695 3 drge Cwis A >
stups ot 1, » a, and a, are direct

ﬂ}{) =) >0 services bypassing all yards
b L e et - be_tv_veen their re_spe_ctive _

8 - origins and destinations, while
& s Al y and oy - services a, and ag do the

s 4, i - i, same but at a greater speed.

> Note that while services a,,
a,, 85 and a, have a single
service leg, services a; and a,

b)Y Services from H J'_ on G- (K00

% travel on two service legs
» routes and service as has
T three such service legs on its
Ry Gj3 » ) route.
) Services frav o3, tn i, o G- (KA 7

i3 )

A service g; € A is thus characterized by:

(i) An ongin Oag) EN
{11} A destination D{a) € N
(ili} A path (sequence of arcs in A, from Ola) to Dier)) in Gpa: T
{iv) A set of intermediate stops T}
(v} A set of service legs T\"
(vi) A specification v{a) of the type of service in terms of speed and
priority.

For a given service a,, a train is formed at the origin O(a,) and
maintains its identity throughout its route T, until its
destination D(a)). On its way, the train stops at the yards in Tg9
to drop off and/or pick up traffic, bypassing all the other yards
(located on the service legs in TP ) on its route.
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> In this example, at the origin j,, itineraries k, and k, both classify the traffic
into one block (j,j;) and the block travels on a single service to the
destination: a direct service for k, and a one intermediate stop service for k.
> ltineraries k, and k;share the same train service sequence but, while k,
forms one block (j; j;) which merely changes service at j,, itinerary k;
classifies the traffic (possibly with traffic from other traffic classes) into one
block (j, j,) at j; and then reclassifies it at j, into another block (i, js).
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5" Set of (rejclassification yards;
sy’ ; Set of transfer yards;
8;": The path in G;
syt The path in Gg,.
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{i} Train selectivn: the values of the variables t determine which
services will be run: il £; = 0, the service o, i= not offered; if & = 0,
aolay) type of service should be run on the route o with frequency
fe

(i} Traffic rowting: the walues of the vatiables 1,™ specify for each
traffic-class what itineraries are to be used and how much traffic
ia to be sent along esch one. Belerring to the definition of an
ilinerary, traffic routing is thus completely specified by the path
in Gy, the train service sequence and the operationa perfarmed
at intermaediary vards,

{1y Classification polivies the mde] determines the classification
workload X; for each yard, Moreover, the Xj; variables delermine
the blocking strategies for each yard: if X, = ¢ no bloek for
destination ¢ is formed at yard j; if X > 0, then yard j classifies
for yard § and X, cars will have that hlock-destinution.

(iv) Mukeup policiea: ueing the traffic routing solution and referring
tor the definition of an itinerary, we may apecify what traffic goes
on each train at each vard, thus delermining the mokeup policies.
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