Railway Single-Track Sequencing
A big-M MILP, in every modelling dialect

A small, complete, self-contained mixed-integer linear program from railway operations. Four trains share one

single-track segment (a tunnel / bridge / passing-loop bottleneck): at most one train may occupy it at a time and a
minimum headway must elapse between trains. Decide each train's entry time so as to minimise the total weighted
clearance time. The mutual exclusion of any two trains is a disjunction, linearised with the classic big-M technique.

The same model appears on the following pages as a complete problem statement, the mathematical model,
LaTeX, markdown/mathcal, and ~22 executable encodings — one representation per page.

Optimal objective: Z w,C =66 (orderB - D - C - A) — verified with CBC, GLPK and OR-Tools CP-SAT.
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1 - Complete problem description

sets, parameters, variables, data, optimum

Sets. N ={A,B,C,D} (trains); P = {(i,j) : i < j} (ordered index pairs).

Parameters. r_i release (earliest entry); p_i running time on the segment; w_i priority weight; h minimum headway

(=1); big-M constant M=max_ir i+Z ip i+ (N]-1)-h=4+ 14+ 3 =21.
Variables. t_i = 0 entry time; C_i = 0 clearance time; y_ij 0 {0,1} with y_ij = 1 iff train i enters before train j.

Data instance

train | releaser_i | running p_i = weight w_i
0 5 1

B 2 3 2

C 1 4 1

D 4 2 3

Optimal schedule

train | entert_i

clear C_i

w_i*C_i

total

66
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2 - The mathematical model

the MILP, solver-independent

mnimze sum{i in NN wi * Ci (wei ght ed

subject to

(rel ease) t i >= r_

(cl earance) Ci t i+ p_i

(i beforej) t_j >= t_i +pi +h- M(1-y_.ij)
(j beforei) ti > t j +pj +h- My.ij

(domai ns) t_ i >=0, Ci >=0, y_ij in {0, 1}

Why bi g- M wor ks

cl earance)

for
for
for
for

al |
al |
al |
al |

i in N
i in N
(i,7)
(i,7)

For a pair (i,j) the binary y_ij selects which of the two nutually

excl usi ve sequencing constraints is enforced:

*yvij =1:"i beforej" is tight (t_j >=1t_i + p_i
"j before i" becones t_i >=t_j +pj + h-
*yij =0: symmetric -- the other constraint binds.

M nmust be | arge enough never to cut a feasible schedul e,

+ h),

in P
inP

M (vacuous).

yet as snal |

as

possi ble so the LP relaxation stays tight. M= 21 is exactly tight here
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3-LaTeX

problem.tex — standalone, compile with pdflatex

% Rai | way single-track sequencing -- a big-M MLP.

% St andal one docunent: conpile with pdflatex problemtex
\docunentcl ass[ 11pt]{article}

\ usepackage[ ad4paper, mar gi n=2. 4cnj { geonetry}

\ usepackage{ anmsnat h, anssynb}

\ usepackage{ bookt abs}

\ usepackage{array}

\title{Railway Single-Track Sequencing\\[2pt]\large A big-M M LP}
\ aut hor {| p2gr aph exanpl e cat al ogue}
\date{}

\ begi n{ docunent }
\meketitle

\'secti on*{Probl en}

A set of trains nust each traverse one shared \enph{single-track segment}
(a tunnel, bridge, or passing-loop bottleneck). At nobst one train may
occupy the segnent at a time, and a m ni num\enph{headway} $h$ nust el apse
between one train clearing the segnent and the next entering it. Each train
$i$ has an earliest entry (release) time $r_i$, a running tine $p_i $, and a
priority weight $w i$. The dispatcher chooses each entry time $t_i$ (and
hence the order) to mninise the total weighted clearance tinme, where the
clearance time is $Ci =t_i + p_i$.

The mutual exclusion of any two trains $i,j$ -- \enph{either $i $ before $j$
or $j$ before $i$} -- is a disjunction, linearised with a binary ordering
variabl e and the \textbf{big-M technique.

\section*{Sets, parameters, variables}

\ begi n{al i gn*}

\mathcal {N} & \{A B,C D\} & \text{trains}\\

\mathcal {P} &= \{(i,j)\in\mathcal {N}\times\mathcal {N} : i \prec j\} &k \text{ordered index pairs}\\[4pt]

r_i,\ op_i,\ wi &% & \text{release, running time, weight of train }i\\

h & & \text{m ni num headway}\\

M& \max_{i} r_i + \textstyle\sum{i\in\mathcal {N}} p_i + (|\mathcal {N}|-1)\,h && \text{big-M constant}\\[4pt]
t_i &ge 0 & \text{entry tine of train }i\\

Ci &ge 0 & \text{clearance (conpletion) time of train }i\\

y {ij} &in\{0,1\} & y_{ij}=1\iff \text{train }i\text{ enters before train }j,\ (i,j)\in\mathcal {P}
\end{align*}

\'secti on*{Mdel }

\ begi n{al i gn}

\mn_{t,Cy}\quad & \sum{i\in\mathcal {N}} w.i\,C.i \\
\text{s.t.}\quad

&t_i \ger_i & \forall i\in\mathcal {N} \\

& Ci =t_i + p_i & \forall i\in\mathcal {N} \\

&t_j \get i +pi +h- M,(1-y{ij}) & \forall (i,j)\in\mathcal {P} \\
&t_i \get_j +pj +h- M,y {ij} & \forall (i,j)\in\mathcal {P} \\

& t_i \ge O,\quad C.i \ge O,\quad y_{ij}\in\{0,1\}.

\'end{al i gn}

\ par agr aph{ Wiy bi g-M works.} For a pair $(i,j)$ the binary $y {ij}$ selects
which of the two nutually exclusive sequencing constraints is active. |f
$y_{ij}=1%, constraint (4) becomes the tight $t_j \ge t_i + p_i + h$ while
constraint (5) reads $t_i \ge t_j + p_j + h - M, which for large $Mb i s
vacuous. If $y {ij}=0$ the roles swap. $Mp nust be |arge enough never to cut
a feasible schedule, yet as small as possible so the LP rel axation stays
tight.

\'section*{Data instance}

\ begi n{center}
\begin{tabular}{c r r r}
\toprule

train & $r_i$ & $p_i$ & Sw.i$ \\
\mdrule

oOw>

&
&
&

=N O

&
&
&

ENEANG]
Ro Ro Ro

1\
2 \\
1\
D&4&2&3\\
\bottonrul e
\end{tabul ar}
\end{center}

\ noi ndent Headway $h = 1%, and
$M=\nmax_i r_i + \sumi p_i + (|\mathcal {N}|-1)h = 4 + 14 + 3 = 21$.

\section*{Optimal sol ution}

The optinal weighted clearance is $\sumi wi C.i = 66%, attained by the
order $B \to D\to C\to A$:

\ begi n{center}
\begin{tabular}{c r r r}

\toprule

train & $t_i$ &$Ci$ &$wi Cis\\
\mdrule

B&2 &5 &10\\

D&6 &8 &24\\

C&9 &13 & 13 \\

A& 14 & 19 & 19 \\

\midrule

\rmulticolum{3}{r}{total} & \textbf{66} \\
\bottonrul e

\end{tabul ar}

\end{center}

\ end{ docunent }
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4 - Markdown / mathcal
README.md model section (GitHub/MathJax)

## 2. The mat hematical nodel (markdown / “\nathcal )

> Rendered by G tHub/MathJax. The identical nodel in standalone LaTeX is in
> [“problemtex ] (problemtex).

**Sets**

$$

\mathcal {N} = \{A B,C,D\} \quad\text{(trains)}, \qquad

\mat hcal {P} = \{(i,j)\Vin\mathcal {N}\times\mathcal {N} : i \prec j\} \quad\text{(ordered i ndex pairs)}
$$

**Par amet er s**

$$

r_i \ \text{(release)},\quad

p_i \ \text{(running tine)},\quad

wi \ \text{(weight)},\quad

h \ \text{(headway)},\ quad

M= \max_{i} r_i + \sum{iVin\mathcal N} p_i + (|\mathcal N -1)\,h

**Deci si on vari abl es**

$$

t_i \ge O\ \text{(entry time)},\qquad

Ci \ge 0\ \text{(clearance tine)},\qquad
y_{ij}\in\ {0, 1\}\ \ \forall (i,j)\in\mathcal {P}
$$

with the reading $y {ij}=1 \iff$ train $i$ enters the segnent before train $j$.
**Nbdel **

$$

\ begi n{al i gned}

\mn_{t,\,C\,y}\quad & \sum{i\in\mathcal {N}} w.i\,C.i && \text{(weighted clearance)}\\[2pt]
\text{s.t.}\quad

&t_i \ger_i & \forall i\in\mathcal {N} & (\text{release})\\

& Ci =t_i + p_i & \forall i\in\mathcal {N} & (\text{clearance})\\

&t_j \get_i +p_i +h- M,(1-y{ij}) & \forall (i,j)\in\mathcal {P} & (\text{$i$ before $j$})\\
&t_i \get j +pj +h- M,y {ij} & \forall (i,j)\in\mathcal {P} & (\text{$j$ before $i $})\\
&t_i \ge 0,\; C.i \ge O,\; y {ij}\in\{0,1\}. &&

\ end{al i gned}

$$

**Why bi g-Mworks. ** For a pair $(i,j)$ the binary $y_{ij}$ *sel ects* which
of the two nutually-exclusive sequencing constraints is enforced:

- If $y_{ij}=1%: the first constraint becones the tight $t_j \ge t_i+p_i +h$
(train $i$ then $j$), while the second becones
$t_i \ge t_j+p_j+h-Mb —with $Mp large this right-hand side is so negative
that the constraint is **vacuous**.

- If $y_{ij}=0%: symetric —the second constraint binds and the first is
switched of f.

$Mb nmust be | arge enough never to wongly cut a feasible schedule, but no

| arger, because an oversized $Mb weakens the LP rel axation and slows the
branch- and- bound. The bound above is exactly tight enough.
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5.PuLP

model_pulp.py — Python

"""Railway single-track sequencing (big-MMLP) -- PuLP.

pip install pulp
pyt hon nodel _pul p. py

Al so exports nodel.lp (CPLEX LP) and nodel.nps so the portable-format files
inthis folder are guaranteed to be the exact same nodel .

import itertools

import pulp

#o----- dat @ -----mmmmmm oo
TRAINS = ["A",

r = {"A": 0, 4} # rel ease (earliest entry)

p ={"A": 5, 2} # running tine on the segnent

w={"A": 1, 3} # priority weight

h=1 # m ni mum headway

n = | en( TRAI NS)

M = max(r.values()) + sun(p.values()) + (n - 1) * h # = 21, valid big-M
PAIRS = list(itertools.conbinations(TRAINS, 2)) # ordered index pairs i<j
# oo 1oL =] B T R PP

m = pul p. LpProbl en{"rai |l way_bi gni', pul p. LpM ni ni ze)

t = {i: pulp.LpVariable(f"t_{i}", IowBound=0) for i in TRAI NS}
C = {i: pulp.LpVariable(f"C{i}", lowBound=0) for i in TRAI NS}
y = {(i, j): pulp.LpVariable(f"y_{i}_{j}", cat="Binary") for (i, j) in PAIRS}

m += pul p. I pSum{(wi] * Ci] for i in TRAINS), "weighted_clearance"

for i in TRAINS:
m+=t[i] >=r[i], f"release_{i}"
m+= Ci] ==t[i] + p[i], f"conpletion_{i}"

for (i, j) in PAIRS:
m+=t[j] >=t[i] +p[i] +h - M* (1- y[(i, j)]), f"seq_{i}_before {j}"
m+=t[i] >=t[j] +p[j] +h - M* y[(i, j)], fseq_{j}_before_{i}"

#----- SOl Ve - - - oo
m sol ve(pul p. PULP_CBC_CMX( nsg=Fal se))

print("status :", pulp.LpStatus[mstatus])
print("objective:", pulp.value(m objective))
for i in sorted(TRAINS, key=lanbda k: pulp.value(t[k])):

print(f" {i}: enter t={pulp.value(t[i]):.O0f} clear C={pulp.value(Ci]):.0f}")

#o----- export portable formats -------------ommi
mwiteLP("nodel.Ilp")
m witeMPS("nodel . nps")
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6 - Gurobi (gurobipy)

model_gurobi.py — Python

"""Railway single-track sequencing (big-MMLP) -- gurobipy.

pip install gurobipy # needs a Gurobi |icence
pyt hon nodel _gur obi . py
inmport itertools

import gurobipy as gp
from gurobi py inmport GRB

# oo dat @ - - - - mm s m e
TRAINS = ["A", "B', "C', "D']

r ={"A": 0, "B": 2, "C': 1, "D': 4}

p={"A": 5 "B': 3 "C: 4, "D': 2}

w={"A": 1, "B": 2, "C': 1, "D': 3}

h=1

n = | en( TRAI NS)

M = max(r.values()) + sum(p.values()) + (n - 1) * h # =21

PAIRS = list(itertools.conbinations(TRAINS, 2))

#----- D = I e LR LR L TR T

m = gp. Model ("railway_bi gni')

t = maddvars(TRAINS, |b=0.0, name="t")
C = maddVars(TRAINS, |b=0.0, nanme="C")
y = maddVars(PAI RS, vtype=GRB. Bl NARY, name="y")

m set Cbj ective(gp. qui cksum(w{i] * C[i] for i in TRAINS), GRB.M N M ZE)

m addConstrs((t[i] >=r[i] for i in TRAINS), nane="rel ease")
m addConstrs((Ci] == t[i] + p[i] for i in TRAINS), nanme="conpletion")
for (i, j) in PAIRS:

m addConstr(t[j] >= t[i]

- M* (1 - y[i, j]), name=f"seq_{i}_before_{j}")
m addConstr(t[i] >= t[j] i)

- M*oyli, T, name=f"seq_{j}_before_{i

~~—~—

#o----- SOl VB - - - s o m oo
m optimze()

if mstatus == GRB. OPTI MAL:
print("objective:", mobjVal)
for i in sorted(TRAINS, key=lanbda k: t[k].X):
print(f" {i}: enter t={t[i].X .0f} clear C{i].X .0f}")
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7 - CPLEX (DOcplex)

model_docplex.py — Python

"""Railway single-track sequencing (big-MMLP) -- CPLEX via DCcpl ex (Python).

pip install docplex cplex
pyt hon nodel _docpl ex. py

“docplex” is IBMs nodelling |ayer; “cplex’ provides the engine (the pip
Community Edition solves nodels up to 1000 vars/constraints -- plenty here).

inmport itertools
from docpl ex. np. nodel i nport Model

# o-----

TRAINS = ["A",

r={"A"

p={

w =

h =

n = | en( TRAI NS)

M = max(r.values()) + sun(p.values()) + (n - 1) * h # =21

PAIRS = list(itertools.conbinations(TRAINS, 2))

# oo 0oL =] B R T R PP

mdl = Model (name="rai | way_bi gnt')

t = mdl . continuous_var_dict (TRAINS, |b=0, name="t")
C = mdl . conti nuous_var _di ct (TRAINS, |b=0, nane="C")
y = mdl . bi nary_var_dict (PAIRS, nane="y")

mdl . minimze(mdl .sum(Wi] * Ci] for i in TRAINS))

for i in TRAINS:
mdl . add_constraint(t[i] >= r[i], ctnane=f"rel ease_{i}")
mdl . add_constraint(Ci] == t[i] + p[i], ctname=f"conpletion_{i}")
for (i, j) in PAIRS:
mdl . add_constraint(t[j] >= t[i] + p[i] + h - M* (1 - y[(i, j)]), ctname=f"seq_{i}_before_{j}")
1 +h - }

mdl . add_constraint(t[i] >=t[j] + p[i] M* y[(i, j)I. ctnane=f"seq_{j}_before_{i}")
#----- SOl Ve - - - oo
mdl . sol ve()
print("objective:", ndl.objective_value)

for i in sorted(TRAINS, key=lanbda k: t[k].solution_value):
print(f" {i}: enter t={t[i].solution_value:.0f} clear C{(i].solution_value:.0f}")
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8 - Pyomo

model_pyomo.py — Python

"""Railway single-track sequencing (big-MMLP) -- Pyono.

pip install pyonp

pyt hon nodel _pyono. py # uses any installed MLP solver (gl pk/chc/gurobi)
inmport itertools
inport pyono.environ as pyo

#----- dat @ - - - - oo
TRAINS = ["A", "B", "C', "D']
{"A: 0, "B 2, "C': 1, "D': 4}

r =

p={"A": 5 "B": 3 "C: 4, "D': 2}

w={"A": 1, "B": 2, "C': 1, "D': 3}

h=1

n = | en( TRAI NS)

M = max(r.values()) + sun(p.values()) + (n - 1) * h # =21

PAIRS = list(itertools.conbinations(TRAINS, 2))

#----- o [ LR LR
m = pyo. Concr et eModel ("rai |l way_bi gni')

m | = pyo.Set(initialize=TRAINS)

m P = pyo. Set(initialize=PAIRS, dinmen=2)

mt = pyo.Var(m 1, donmai n=pyo. NonNegati veReal s)
m C = pyo.Var(m 1, domai n=pyo. NonNegat i veReal s)
my = pyo.Var(m P, domai n=pyo. Bi nary)
m obj = pyo. Objective(expr=sum(w{i] * mdi] for i in ml), sense=pyo.ninimze)
mrel ease = pyo.Constraint(ml, rule=lanbda m i: mt[i] >=r[i])
m conpl etion = pyo. Constraint(ml, rule=lanbda m i: mdi] == mt[i] + p[i])
mseq_ij = pyo.Constraint(mP, rule=lanbda m i, j:

mt[j] >=mt[i] + p[i] +h - M* (1- my[i, j]))
mseq_ji = pyo.Constraint(mP, rule=lanbda m i, j:

mt[i] >>mt[j] + p[j] +h- M* my[i, j])
#----- Lo R R e e L
sol ver = pyo. Sol ver Factory("gl pk") # or "chc", "gurobi",

sol ver. sol ve(m
print("objective:", pyo.value(mobj))

for i in sorted(TRAINS, key=lanbda k: pyo.value(mt[k])):
print(f" {i}: enter t={pyo.value(mt[i]):.0f} clear C={pyo.value(mCi]):.0f}")
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9 - Google OR-Tools

model_ortools.py — Python (MPSolver)

"""Railway single-track sequencing (big-MMLP) -- Google ORTools (MPSol ver).

pip install ortools
pyt hon nodel _ortool s. py

Uses the |linear MLP wapper (CBC backend) so the big-Mfornulation is kept
verbatim (OR- Tools' CP-SAT could nodel the disjunction natively w thout a
big-M but the point here is to show the classic big-MMLP.)

import itertools
fromortools.linear_solver inport pyw aplp

#----- [ B ECE R TR TR
TRAINS = ["A", , "C', "D']

r ={"A": 0, "B": 2, "C': 1, "D': 4}

p={"A": 5 "B"': 3 "C: 4, "D': 2}

w={"A": 1, "B": 2, "C': 1, "D': 3}

h=1

n = | en( TRAI NS)

M = max(r.values()) + sun(p.values()) + (n - 1) * h # =21

PAIRS = list(itertools.conbinations(TRAINS, 2))

#o----- 0 = e R LT

sol ver = pyw apl p. Sol ver. Creat eSol ver (" CBC")
INF = solver.infinity()

t = {i: solver.NunVar (0.0, INF, f"t_{i}") for i in TRAINS}
C = {i: solver.NunVvar(0.0, INF, f"C{i}") for i in TRAI NS}
y = {(i, j): solver.BoolVar(f"y_{i}_{j}") for (i, j) in PARS}

for i in TRAINS:
solver. Add(t[i] >=r[i])
solver. Add(C[i] == t[i] + p[i])
for (i, j) in PAIRS:
solver. Add(t[j] >= t[i] + p[i] + h - M* (1 - y[(i, j)]))
solver. Add(t[i] >= t[j] + p[j] +h - M* y[(i, j)])

sol ver. M nim ze(solver.Sum(wWi] * C[i] for i in TRAINS))

# oo SOl VB = mmmmm e e
status = sol ver. Sol ve()
if status == pyw apl p. Sol ver. OPTI MAL:
print("objective:", solver.Cbjective().Value())
for i in sorted(TRAINS, key=lanbda k: t[k].solution_value()):
print(f" {i}: enter t={t[i].solution_value():.0f} clear C={C[i].solution_value():.0f}")
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10 - Python-MIP

model_python_mip.py — Python

"""Railway single-track sequencing (big-MMLP) -- Python-MP.

pipinstall mp
pyt hon nodel _pyt hon_mi p. py

inmport itertools

frommp inport Mdel, xsum mninmze, BINARY, CONTINUOUS, Optim zationStatus

#----- data oo oo
TRAINS = ["A", "B", "C', "D']
{"A: 0, "B 2, "C': 1, "D': 4}

r =

p={"A": 5 "B": 3 "C: 4, "D': 2}

w={"A": 1, "B": 2, "C': 1, "D': 3}

h=1

n = | en( TRAI NS)

M = max(r.values()) + sun(p.values()) + (n - 1) * h # =21

PAIRS = list(itertools.conbinations(TRAINS, 2))

#----- e [ R L R

m = Model ("rai |l way_bi gni')

t = {i: madd_var(name=f"t_{i}", 1b=0.0, var_type=CONTINUOUS) for i in TRAI NS}
C = {i: madd_var(name=f"C {i}", 1b=0.0, var_type=CONTI NUOUS) for i in TRAI NS}
y = {(i, j): madd_var(nane=f"y_{i}_{j}", var_type=BINARY) for (i, j)

m obj ective = minimze(xsum(wi] * Ci] for i in TRAINS))

for i in TRAINS:
m+=t[i] >=r[i]
m+= (i] == t[i] + p[i]
for (i, j) in PAIRS:
m+=t[j] >=t[i] +p[i] +h- M* (1- y[(i, j)])
m+=t[i] >=t[j] +p[j] +h - M*y[(i, j)]

#o----- SOl VB = - - s oo oo
status = moptim ze()

in PAl RS}

if status in (OptinizationStatus. OPTI MAL, Optim zationStatus. FEASI BLE):

print("objective:", mobjective_val ue)
for i in sorted(TRAINS, key=lanbda k: t[k].x):
print(f" {i}: enter t={t[i].x:.0f} clear C{C[i].x:.0f}")
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11 - CVXPY

model_cvxpy.py — Python

"""Railway single-track sequencing (big-M MLP) -- CVXPY.

pip install cvxpy
pyt hon nodel _cvxpy. py # needs a M LP-capabl e backend (GLPK_M/CBC/ SCIP/...)

CVXPY is matrix/vector oriented, so trains are indexed 0..n-1.
inmport itertools

import nunmpy as np

inmport cvxpy as cp

#o----- data (index order A/ B,CD) ----------mmmmmmm o
TRAINS = ["A", "B", "C', "D']

r = np.array([0, 2, 1, 4])

p = np.array([5, 3, 4, 2])

w = np.array([1, 2, 1, 3])

h=1

n = | en( TRAI NS)

M= int(r.max() + p.sun() + (n - 1) * h) # =21
PAIRS = list(itertools.conbinations(range(n), 2))

# oo 0oL =] B R T R PP
t = cp. Variabl e(n, nonneg=True, name="t")

C = cp. Vari abl e(n, nonneg=True, nanme="C")

y = cp. Variabl e(l en(PAIRS), bool ean=True, nane="y")

constraints = [t >>r, C==1t + p]
for k, (i, j) in enunerate(PAlRS):
constraints += [
t[j] >= t[i] +p[i] +h - M* (1 - y[k]),
plil +h

tfi] >=t[j] + - M* y[k],

]
prob = cp. Problen{cp.Mninze(w @C), constraints)
#o----- SOl Ve = - - mmmm oo
prob. sol ve(sol ver=cp. GLPK_M) # or cp.CBC, cp.SCP,
print("objective:", prob.value)
order = sorted(range(n), key=lanbda i: t.value[i])
for i in order:

print(f" {TRAINS[i]}: enter t={t.value[i]:.O0f} «clear C{C.value[i]:.O0f}")
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12 - JuMP

model_jump.jl — Julia

# Railway single-track sequencing (big-MM LP)

# import Pkg;
# julia nodel _jump.jl
usi ng JuMP, Hi GHS

trains = [:A :B, :C
r = Dict(:A=>0, :B=
p =Dict(:A=>5 :B=
w=Dict(:A=>1, :B=
h=1

n = length(trains)

v -

vV Vv

Pkg. add([ " JuMP",

"Hi GHS"])
:C=>1, :D=>4)
:C=>4, :D=>2)
:C=>1, :D=>3)

M = maxi nun{val ues(r)) + sum(values(p)) + (n -
pairs = [(trains[a], trains[b]) for ain 1:n for bin (a + 1):n]

nodel = Model (H GHS. Opti mi zer)
@ari abl e(nodel, t[trains] >= 0)

@ari abl e( nodel ,

@ari abl e(nodel , y[pairs],

Ctrains] >= 0)

Bi n)

-- JuMP (

# rel ease
# runni ng
# wei ght

# headway

1) * h

# entry t
# cl earan
#y[(i.])

@bj ecti ve(nodel , Mn,lsurr(V\{i] * (i] for i in trains))

@onstraint(nodel, [i i
@onstraint(nodel, [i i
@onstraint(nodel, [(i,
@onstraint (nodel, [(i,

optim ze! (nodel )
println("objective =",
for i

println(" &i:
end

in sort(trains, by
enter t=",

n trains],

n trains], Ci]

i)
i)

obj ecti ve_val ue(nodel ))

in pairs],
in pairs],

ti] >=r[i])

== t[i]

t{j] >=t[i] + p[i]
tfi] >=t[j] + pljl

i ->value(t[i]))

Ip2graph - examples/railway-bigm-milp - big-M MILP

round(Int,

+ pli])

value(t[i])),

Julia).
tine
# big-M= 21

ime
ce time
1=1iff i

+
+

clear C=",

before j

h-M* (1-y
h - M* y[(i,

——~

round(lnt,

nn)

value(Ci])))
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13 - ompr / ROI

model_ompr.R — R

# Railway single-track sequencing (big-MMLP) -- onpr (R).

# install.packages(c("onpr", "onpr.roi", "RO.plugin.glpk", "magrittr"))

# Rscri pt nodel _onpr.R

i brary(onpr)

l'ibrary(onpr.roi)

library(RO . pl ugin. gl pk)

library(magrittr)

trains <- c("A", "B", "C', "D")

n <- length(trains)

r <- c(0, 2, 1, # rel ease (positions match “trains’)

p <- c(5, 3, 4, 2) # running tine

w<- c¢(1l, 2, 1, 3) # wei ght

h< 1 # headway

M<- max(r) + sum(p) + (n - 1) * h # big-M= 21

nodel <- M PModel () %%
add_variable(t[i], i = 1:n, type = "continuous", Ib = 0) %%
add_variable(Ci], i = 1:n, type = "continuous", Ib = 0) %%
add_variable(y[i, j]l, i =1:n, j =1:n, i <], type = "binary") %%
set_obj ective(sumover(Wi] * Ci], i =1:n), "mn") %%
add_constraint(t[i] >=r[i], i = 1:n) %%
add_constraint(Ci] == t[i] + p[i], i =1:n) %%
add_constraint(t[j] >=t[i] + p[i] +h - M* (1 - y[i, j]), i =21:n, j =1:n, i <]
add_constraint(t[i] >=t[j] + p[j] + h - M* y[i, j], i =Ln, jJ =1in, i <]

res <- solve_nodel (nodel, with_RO (solver = "glpk"))

cat ("objective =", objective_value(res), "\n")

tv <- get_solution(res, t[i])
Cv <- get_solution(res, Ci])

for (i in order(tv$val
cat(sprintf(" %:

Ip2graph - examples/railway-bigm-milp -

enter t=%

ue)) {

clear C=%g\n", trains[i

big-M MILP

], tv$value[i],

ov$val ue[i]))
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14 - intlinprog

model_matlab.m — MATLAB / Octave

% Rai | way single-track sequencing (big-MMLP) -- MATLAB (intlinprog).

% run in MATLAB: nodel _matl ab

% (COctave users: replace the intlinprog call with the bundled “glpk'.)

%

% Variable vector x = [ t(1..n) , C(1..n) , y(1..np) ], pairsi<j.

trains = {"A,'B,'C,'D};
r =[0 21 4]; %rel ease (earliest entry)
p=1[5342]; % running time on the segnent
w=1[1213]; % priority weight
h = 1; % mi ni mum headway
n = nunel (trains);
M= max(r) + sum(p) + (n - 1) * h; % big-M = 21
pairs = nchoosek(1l:n, 2); Y%rows [i j] withi<j
np = size(pairs, 1);
N =2* n + np; %total variables
it =@i) i; % i ndex of t_i
iC=@i) n+i; % i ndex of C_i
iy =@k) 2 * n + k; % i ndex of y_k
% --- objective: min sumi wi Ci ---
f = zeros(N, 1);
fc1n) =w
% --- bounds + integrality (release t_i >=r_i as a |ower bound)
Ib = zeros(N, 1); Ib(it(1l:n)) =r;
ub = inf(N 1); ub(iy(l:np)) = 1;
intcon = iy(1l:np);
%--- equalities: Ci - t_i =p_i ---
Aeq = zeros(n, N); beq = zeros(n, 1);
for i = 1:n

Aeq(i, iC(i)) = 1

Aeq(i, it(i)) = -1;

beq(i) = p(i);
end
%--- big-Minequalities (AXx <=b) ---
A = zeros(2 * np, N); b = zeros(2 * np, 1);
row = 0;
for k = 1:np

i = pairs(k, 1); | = pairs(k, 2);

%seqij: t_j >=ti +pi +h-M1-yk -> ti-tj+Myks<=M-pi -

row = row + 1;

ACrow, it(i)) = 1; A(row it(j)) =-1; A(row iy(k))

b(row) = M- p(i) - b

%seq_ji: t_i >t_j +pj +h- My_k -> -t o+t

row = row + 1;

A(Crow, it(i)) =-1; A(row it(j)) = 1; A(row iy(k))

b(row) = -(p(j) + h);

end

opts = optinoptions('intlinprog', 'Display', 'off");
[x, fval] = intlinprog(f, intcon, A b, Aeq, beq, |b, ub,

fprintf('objective = %g\n', fval);
[~ ord] = sort(x(it(1:n)));
for idx = ord
fprintf(' %: enter t=%g clear C=%\n', trains{idx},
end

Ip2graph - examples/railway-bigm-milp - big-M MILP

My_k <= -(pJ +h)

x(iC(idx)));
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15 - OR-Tools (C++)

model_ortools.cpp — C++

/'l Railway single-track sequencing (big-MMLP) -- ORTools (Ct++).
/1 Build against ORTools, e.g.:

11 g++ nodel _ortools.cpp -lortools -0 railway && ./railway

#i ncl ude <al gorithne

#i ncl ude <i ostrean

#i ncl ude <nenory>

#i ncl ude <string>

#i ncl ude <vector>

#i nclude "ortool s/linear_solver/linear_solver.h"
namespace operations_research {

voi d RailwayBi gM) {
const std::vector<std::string> trains = {"A", "B", "C', "D'};
const std::vector<double>r = {0, 2, 1, 4}; /'l rel ease
const std::vector<doubl e> p {5, 3, 4, 2}; // running tinme
const std::vector<double> w = {1, 2, 1, 3}; /1 wei ght
const double h = 1.0; /'l headway
const int n = static_cast<int>(trains.size());

doubl e sunp = 0.0;
for (double v : p) sunp += v;
const double M= *std::nmax_el enent(r.begin(), r.end()) + sump + (n - 1) * h; /] 21

std: : uni que_pt r <MPSol ver > sol ver (MPSol ver: : Creat eSol ver ("CBC"));
const double inf = solver->infinity();

std::vector<MPVariabl e*> t(n), C(n);

for (int i =0; i <n; ++i) {
t[i] = solver->MakeNunVvar (0.0, inf, "t_" + trains[i]);
Ci] = solver->MakeNunVar (0.0, inf, "C" + trains[i]);

std::vector<std::vector<MPVariabl e*>> y(n, std::vector<MPVariable*>(n, nullptr));

for (int i =0; i <n; ++)
for (int j =i +1; j <n; +4)
y[i][j] = solver->MakeBool Var("y_" + trains[i] + "_" + trains[j]);

MPQhj ective* obj = sol ver->Mitabl eObj ective();
for (int i =0; i <n; ++i) obj->SetCoefficient(Ci], wWil);
obj ->Set M ni m zation();

for (int i =0; i <n; ++i) {
Il release: t_i >=r_i
MPConstraint* rel = sol ver->MakeRowConstraint(r[i], inf);
rel ->Set Coefficient(t[i], 1.0);
// completion: Ci - t_i = p_i
MPConstrai nt* conp = sol ver->MakeRowConstraint(p[i], p[i]);
conp->Set Coefficient(C[i], 1.0);
conp->Set Coefficient(t[i], -1.0);

for (int i =0; i <n; ++i) {
for (int j =i +1; j <n; ++) {
/'l seq_ij: t_j - t_i - My_ij >p_i +h-M

MPConstraint* cl = sol ver->MakeRowConstraint(p[i] + h - M inf);
cl->Set Coefficient(t[j], 1.0);

cl->Set Coefficient(t[i], -1.0);

cl->Set Coefficient(y[i]l[j], -M;

/1l seq_ji: t_i - t_j + My_ij >>=p_j +h

MPConstraint* c2 = sol ver->MakeRowConstraint(p[j] + h, inf);
c2->Set Coefficient(t[i], 1.0);

c2->Set Coefficient(t[j], -1.0);

c2->Set Coefficient(y[il[j], M;

}
}
if (solver->Solve() == MPSol ver:: OPTI VAL) {

std::cout << "objective = " << obj->Value() << "\n";

for (int i =0; i <n; ++)

std::cout << " " << trains[i] << ": enter t=" << t[i]->solution_val ue()
<< " clear C=" << (i]->solution_value() << "\n";

}

}

} /1 nanespace operations_research

int main() {
operations_research:: Rai |l wayBi gM) ;
return O;

}
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16 - OR-Tools (Java)

ModelOrTools.java — Java

/1 Railway single-track sequencing (big-M M LP)

11 javac -cp ortools.jar Mdel O Tools.java

11 i
i mport
i mport
i mport
i mport
i mport

public

ava -cp .:ortools.jar

com googl e.
com googl e.
com googl e.
com googl e.
com googl e.

ortools
ortools
ortools
ortools
ortools

. Loader ;

.l'i nearsol ver.
.l'inearsol ver.

.l'inearsol ver

.l'inearsol ver.

cl ass Mbdel O Tool s {
public static void main(String[] args) {
Loader. | oadNati velLi braries();

Model Or Tool s

MPConstrai nt ;
MPQoj ecti ve;
. MPSol ver;
MPVari abl e;

-- OR-Tool s (Java).

String[] tr
doubl e[] r
doubl e[] p
doubl e[] w
double h =

doubl e nmaxr
for (double
for (double

[ O R )

"0}

2}, // running tine

ins = {"A", "B", "C",

{0, 2, 1, 4}; /'l rel ease
{5, 3, 4,

{1, 2, 1, 3}; /1 wei ght
0; /'l headway
ns. |l ength;

Vv o
v o

r[0], sump = O;

p) sump += v;

r) maxr = Math. max(mexr, v);

doubl e M = maxr

MPSol ver

+ sunp + (n - 1) *

h; // big-M= 21

sol ver = MPSol ver. createSol ver ("CBC");

doubl e inf = Doubl e. PCSI TI VE_I NFI NI TY;

MPVari abl e[ ]
MPVari abl e[ ]

t
C

for (int i =0; i <n

}
MPVari abl e[ ][
for (int i =

t[i] = solver.makeNunvar (0.0,
di] = solver.makeNunVar (0. 0,

for (int j

i
ylilljl = sol

1
0; i <n

;i) |

new MPVari abl e[ n] ;
new MPVari abl e[ n];

inf, "t_" + trains[i])
inf, "C" + trains[i])

y = new MPVariable[n][n];

+ 1;

i ++)
j o< n; j+4)

ver. makeBool Var ("y_" + trains[i] + "_

MPQhj ective obj = solver.objective();

for (int i =0; i <n; i++) obj.setCoefficient(Ci], Wi]);
obj . set M ni nization();
for (int i =0; i <n; i++) {
MPConstraint rel = solver.nakeConstraint(r[i], inf); /1
rel.setCoefficient(t[i], 1.0);
MPConstraint conp = sol ver. makeConstraint(p[i], p[i]);

}
for (int i =0; i <n; i++) {
for (int j =i +1; j <n; j++)
[l seq_ij: t_j - t_i - My_ij
MPConstraint cl =
cl.setCoefficient(t[j], 1.0);
cl.setCoefficient(t[i], -1.0);
cl.setCoefficient(y[i]l[j]l, -M;
/] seq_ji: t_i - t_j + My_ij
MPConstraint c2 =
c2.setCoefficient(t[i], 1.0);
c2.setCoefficient(t[j], -1.0);
c2.setCoefficient(y[il[j], M;
}
}

if (solver.solve()

conp. setCoefficient(Ci], 1.0);
conp. set Coefficient(t[i], -1.0);

for (int i =0; i <
Systemout.printf(" %: enter t=%0f clear C=% O0f %",

trains[i],

golver.makeOonstraint(p[i] +h- M inf);

{
>:p_i+h-M

>=pj +h

sol ver. makeConstraint(p[j] + h,

n, i++) {

t[i].solutionVal ue(),

Ip2graph - examples/railway-bigm-milp - big-M MILP
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System out. println("objective ="

+ obj.value());

’

+ trains[j]);

inf);

Ci].solutionValue());

/1 Ci

page 17



17 - AMPL

model_ampl.mod — algebraic modelling language

# Railway single-track sequencing (big-MMLP) -- AWPL.
# Sel f-contained (nodel + data + solve).
# anpl nodel _anpl . nod

set TRAINS ordered;
param r { TRAI NS} >=

0
param p{ TRAINS} > O;
0

param W{ TRAI NS} >=
param h >= 0;

param M : = (max{i in TRAI NS}

var t{TRAI NS} >= 0;
var C{TRAINS} >= 0;
var y{i in TRAINS, j

Run with:

# release (earliest entry)

# running time on the segment
# priority weight

# m ni mum headway

# entry tine

r(i]) + (sunfi

in TRAINS} p[i]) + (card(TRAINS)

# cl earance tinme

in TRAINS: ord(i) < ord(j)} binary;

m ni m ze wei ghted_cl earance: sum{i in TRAINS} wWi] * (i];

subject to release {i
subject to conpletion {i in TRAINS}: Ci]

subject to seq_ij {i

t[j] >=t[i] + p[i] + h -

subject to seq_ji {i

in TRAINS}: tli] >=rflil;
t{i] + plil;
in TRAINS, j in TRAINS: ord(i) < ord(j)}:

tli] >=t[j] + p[j] + h - M* y[i,j];

dat a;

set TRAINS := ABC

param r p w:
A 0 5 1
B 2 3 2
C 1 4 1
D 4 2 3

paramh : = 1;

option sol ver chc;
sol ve;

D;

# or gurobi,

di spl ay wei ght ed_cl earance;

display t, C vy;

Ip2graph - examples/railway-bigm-milp - big-M MILP

M* (1 - yli,jl);
in TRAINS, j in TRAINS:

ord(i) < ord(j)}:

cpl ex, highs,

# y[i,j1=1iff

1) * h

before j

# big-M
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18 - GAMS

model_gams.gms — algebraic modelling language

$title Railway single-track sequencing (big-MMLP) -- GAMS

* Run with: ganms nodel _gans. gns

Set i 'trains' /| A B, C, D/;
Alias (i, j);

Par anet er s

r(i) 'release (earliest entry)' / AO, B2, C
p(i) 'running tine on the segnent' / A5, B 3,
w(i) 'priority weight' / A1, B2, C1, D3/

Scalar h 'mni mum headway' / 1 /;
Scal ar M ' bi g-Mconstant';

M= smax(i, r(i)) + sun(i, p(i)) + (card(i) - 1) * h;

Vari abl es z 'wei ghted clearance';

display M

Positive Variables t(i) 'entry tine', C(i) 'clearance tine';

Bi nary Vari abl es y(i,j) "y(i,j)=1iff i enters before j';

Equati ons
obj ' obj ective'
rel ease(i) "earliest entry'
conpletion(i) 'clearance = entry + running tinme'
seq_ij(i,j) '"i before j'
seq_ji(i,j) 'j beforei';
obj .. z =e= sum(i, wi) * C(i));
rel ease(i).. t(i) =g=r(i);
conpl etion(i).. Cli) =e=t(i) + p(i);

seq_ij(i,j)$(ord(i) <ord(j)).. t(j) =g=t(i) + p(i
seq_ji(i,j)$(ord(i) <ord(j)).. t(i) =g=t(j) + p(j

Model railway / all /;
solve railway using mp mnimzing z;

display z.I, t.I, C1l, y.I|;
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M* (1 - y(iLi));
M* y(i,j);
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19 - GNU MathProg (GMPL)

model_glpk.mod — glpsol

/* Railway single-track sequencing (big-MMLP) -- GNU Mat hProg (GWPL) .
Ful ly sel f-contained. Solve wth:

gl psol --nodel nodel _gl pk. nod
*/
paramn := 4;
set | :=1..n; /* trains, by position */
param nn{1}, synbolic; /* train nanes */
paramr{l}; /* release (earliest entry) */
param p{l}; /* running tine on the segnment */
param wW{ | }; /* priority weight */
paramh := 1; /* m ni num headway */
paramM:= (max{i in I} r[i]) + (sum{i in 1} p[i]) +(n - 1) * h; [/* big-M= 21 */
var t{l} >= 0; /* entry tine */
var {1} >= 0; /* clearance time */
var y{i inl, j inl: i <j}, binary; [* y[i,j]=1iff i enters before j */

m ni m ze wei ghted_cl earance: sum{i in I} wi] * Ci];

s.t. release{i in |}: t[i] >=r[il;

s.t. conpletion{i in I}: C[i] =t[i] + p[i];

s.t. seq_ij{i inl, jinl: i <j}: t[j] >=t[i] +p[i] +h- M* (1- y[i,j]);
s.t. seq_jif{i inl, jinl: i <j}: t[i] >=t[j] +p[i] +h- M* y[i,j];

sol ve;

printf "objective = %g\n", sun{i in I} wi] * Ci];
printf {i inl} " %: enter t=% clear C%\n", nnii], t[i], Cil;

dat a;
param nm :
paramr
param p
param w

Q

TRNTRNTIN]
=
oo
NN NN
N W N @
AR QO
NG NGINN
WA

W www

end;
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20 - ZIMPL

model_zimpl.zpl — algebraic modelling language

# Railway single-track sequencing (big-MMLP) -- ZI MPL.

# Cenerate an LP/MPS and solve, e.g.:

# zi npl nodel _zi npl . zpl # wites nodel _zinpl.Ip

# gl psol --1p nodel _zinpl.lp

set | :={1.. 41}, # trains, by position
paramnnil] := <1> "A", <2> "B", <3> "C', <4> "D';

paramr[I] = <1> 0, <2> 2, <3> 1, <4> 4, # rel ease

param p[ 1] = <1> 5, <2> 3, <3> 4, <4> 2; # running tine
param w I ] = <1> 1, <2> 2, <3> 1, <4> 3; # wei ght

param h =1; # headway

param M = (max <i>in r[i]) + (sum<i>in | : p[i]) + (card(l)

var t[1] >= O;
var (1] >= 0;

var y[<i,j>in | * | withi

m ni m ze wei ghted_cl earance:

subto rel ease: forall
subto conpletion: forall

subto seq_ij: forall <i,j>in |
M* (1 - y[i,j]);

# entry tine
# clearance tine

1) * h

< j] binary; # yli,j]=1iff i enters before j

sum<i>in |l : wWi] * di];

<i>inl : t[i] >=r[i];
<i>in | : di] ==t[i] + p[il;

tlj] >=t[i] + p[i] +h -

subto seq_ji: forall <i,j>in |
M* y[iLjl;

tfi] >=t[j] +plj] +h -

* 1 owithi <j

* 1 withi <]
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21 - CPLEX OPL

model_opl.mod — IBM modelling language (oplrun)

/1 Railway single-track sequencing (big-MMLP) -- CPLEX OPL.
/1 Run in I BMILOG CPLEX Optim zation Studio: oplrun nodel _opl.nod
Il (Self-contained: data is inline, so no .dat file is needed.)

{string} TRAINS = {"A", "B", "C', "D'}; /1 trains, in order

int r[TRAINS] = ["A":0, "B":2, "C':1, "D':4]; Il rel ease

int pfTRAINS] = ["A":5, "B":3, "C':4, "D":2]; /'l running tine

int fTRAINS] = ["A":1, "B":2, "C':1, "D':3]; /1 wei ght

int h =1, /'l headway

int M= (max(i in TRAINS) r[i]) + (sun(i in TRAINS) p[i]) + (card(TRAINS) - 1) * h; // big-M= 21
dvar float+ t[ TRAINS]; /'l entry time

dvar float+ C TRAINS]; /'l clearance tine

dvar boolean y[TRAINS][TRAINS]; // y[i][j]l=1iff i enters before j (i before j only)
mnimze sunm(i in TRAINS) wWi] * i];

subject to {
forall (i in TRAINS) rel ease: t[i] >=r[il;
forall (i in TRAINS) conpletion: C[i] == t[i] + p[i];
forall (ordered i, j in TRAINS) {

t[j] >=t[i] + p[i] +h - M* (1 - y[il[il); /Il i before j
t[i] >=t[j] + p[i] +h - M* y[i][i]; /1] before i
}
}
execut e DI SPLAY {
witeln("objective = ", cplex.getObjVal ue());
for (var i in TRAINS)
witeln(" ", i, ": enter t=", t[i], " clear C", (il]);
}
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22 - MiniZinc

model_minizinc.mzn — constraint/MIP modelling

% Rai | way single-track sequencing (big-MMLP) --

M ni Zi nc.

% Solve with a M P backend so the big-Mformis kept linear, e.g.:

% m ni zi nc --sol ver coin-bc nodel _m ni zi nc. nzn

enum TRAINS = { A, B, C, D};

array[ TRAINS] of int: r =[0, 2, 1, 4]; % rel ease (earliest entry)
array[ TRAINS] of int: p =[5, 3, 4, 2]; % running time on the segment
array[ TRAINS] of int: w=1[1, 2, 1, 3]; % priority weight

int: h=1; % m ni num headway

int: n = card(TRAINS);

int: M= max(r) + sum(p) + (n - 1) * h; % big-M= 21

int: ub = M+ max(p);

array[ TRAINS] of var 0..ub: t; %entry time
array[ TRAINS] of var 0..ub: C % cl earance tinme
array[ TRAINS, TRAINS] of var 0..1: vy; %y[i,jl=1iff i before j

constraint forall(i in TRAINS)(t[i] >=r[i]);

constraint forall(i in TRAINS)(Ci] = t[i] + p[i]);

constraint forall(i, j in TRAINS where i < j)(
t[j] >=t[i] + p[i] +h - M* (1 - y[i,j]) /\
y thi] >=t[j] +pli]l +h - M* y[i,j]

var int: cost = sun(i in TRAINS)(Wi] * Ci]);
solve mnimze cost;

output ["cost = \(cost)\n"] ++

[" \(i): enter t=\(t[i]) clear C\(Ci])\n"
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in TRAINS];

% safe horizon for the clocks

(used for i<j)
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23 - CPLEX LP format

model.lp — portable exchange format

\* railway_bi gm *\

M nim ze

mBJ: CA+2CB+CC+3CD
Subj ect To
conpl eti on_A:
conpl etion_B:
conpl etion_C:
conpletion_D: C_|
rel ease_A: t_A >
rel ease_B:
release_C. t_C >=
release_D: t_D >=
seq_A before_B: -
seq_A before_C
seq_A before_D:
seq_B before_A:
seq_B before_C:
seq_B before_D:
seq_C before_A:
seq_C before_B:
seq_C before_D:
seq_D before_A:
seq_D before_B:
seq_D before_C
Bi nari es

y_AB

C_
C
Cc.
C
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24 - MPS format

model.mps — portable exchange format

*SENSE: M ni mi ze
NANVE rail way_bi gm
ROWS

oBJ

rel ease_A

conpl etion_A

rel ease_B

conpl etion_B

rel ease_C

conpl etion_C

rel ease_D

conpl etion_D

seq_A before_B

seq_B_before_A
seq_A before_C

_C before_A
seq_A before_D

) before_A
3_before_C
> before_B
_B_before_D
seq_D_before_B
seq_C _before_D
seq_D_before_C

BOQQOQOOOOOQOMOWOMOWOZ
»
@
E-]

:

conpl etion_A
Bl

1.000000000000e+00

1.000000000000e+00

0000000

conpletion_B  1.000000000000e+00
ol 2.000000000000e+00
conpletion_C 1.000000000000e+00

oBJ 1..000000000000e+00
conpletion_D 1.000000000000e+00
ol 3..000000000000e+00

rel ease_A  1.000000000000e+00
conpl etion_A -1.000000000000e+00

seq_A before_B
seq_B_before_A
seq_A before_C
seq_C before_A
seq_A before_D
seq_D_before_A

seq_A before_B
seq_B_before_A
seq_B _before_C
seq_C before_B
seq_B_before_D
seq_D before_B

seq_A before_C
seq_C before_A
seq_B_before_C
seq_C before_B
seq_C before_D
seq_D_before_C

seq_A _before_D
seq_D before_A
seq_B_before_D
seq_D _before_B
seq_C before_D
seq_D_before_C

UUUUU‘UUUOOOOIOOOOCDUJWCDUJUJCDUJ))))))))UUOOUJW))

-1..000000000000e+00
1..000000000000e+00
-1..000000000000e+00
1.000000000000e+00
-1.000000000000e+00
1.000000000000e+00

rel ease_B 1.000000000000e+00
conpl etion_B -1.000000000000e+00

1.000000000000e+00
-1..000000000000e+00
-1..000000000000e+00
1.000000000000e+00
-1..000000000000e+00
1.000000000000e+00

rel ease_C  1.000000000000e+00
conpl etion_C -1.000000000000e+00

1.000000000000e+00
-1..000000000000e+00
1..000000000000e+00
-1..000000000000e+00
-1..000000000000e+00
1.000000000000e+00

rel ease_D 1.000000000000e+00
conpl etion_D -1.000000000000e+00

1..000000000000e+00
-1..000000000000e+00
1..000000000000e+00
-1..000000000000e+00
1.000000000000e+00
-1.000000000000e+00

MARK ' MARKER' " I NTORG
y_AB seq_A before_B -2.100000000000e+01
y_AB seq_B before_A  2.100000000000e+01
MARI ' MARKER' " | NTEND
MARK ' MARKER' ' I NTORG
y_AC seq_A before_C -2.100000000000e+01
y_AC seq_C before_A  2.100000000000e+01
MARK ' MARKER' " | NTEND
MARK ' MARKER ' | NTORG
y_AD seq_A before_D -2.100000000000e+01
y_AD seq_D before_A  2.100000000000e+01
MARK ' MARKER | NTEND'
MARK ' MARKER' " I NTORG
y_BC seq_B before_C -2.100000000000e+01
y_B.C seq_C before_B  2.100000000000e+01
MARK ' MARKER' " | NTEND
MARK ' MARKER' ' I NTORG
y_B. D seq_B _before_D -2.100000000000e+01
y_B.D seq_D before_B  2.100000000000e+01
MARK ' MARKER' " | NTEND
MARK ' MARKER' ' I NTORG
y_CD seq_C before_D -2.100000000000e+01
y_CD seq_D _before_C  2.100000000000e+01
MARK ' MARKER' " | NTEND'
RHS
RHS rel ease_A  0.000000000000e+00
RHS conpletion_A 5.000000000000e+00
RHS rel ease_B  2.000000000000e+00
RHS conpl etion_B  3.000000000000e+00
RHS release_C 1.000000000000e+00
RHS conpletion_C  4.000000000000e+00
RHS rel ease_D 4. 000000000000e+00
RHS conpletion_D 2.000000000000e+00
RHS seq_A before_B -1.500000000000e+01
RHS seq_B_before_A  4.000000000000e+00
RHS seq_A before_C -1.500000000000e+01
RHS seq_C before_A 5.000000000000e+00
RHS seq_A before_D -1.500000000000e+01
RHS seq_D before_A  3.000000000000e+00
RHS seq_B_before_C -1.700000000000e+01
RHS seq_C before_B 5.000000000000e+00
RHS seq_B before_D -1.700000000000e+01
RHS seq_D before_B  3.000000000000e+00
RHS seq_C before_D -1.600000000000e+01
RHS seq_D before_C  3.000000000000e+00
BOUNDS
BV BND y_AB
BV BND y_AC
BV BND y_AD
BV BND y_B C
BV BND y_B D
BV BND y_CD
ENDATA
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