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About MI Lecture Note Series

The Math-for-Industry (MI) Lecture Note Series is the successor to the COE Lecture 
Notes, which were published for the 21st COE Program “Development of Dynamic 
Mathematics with High Functionality,” sponsored by Japan’s Ministry of Education, 
Culture, Sports, Science and Technology (MEXT) from 2003 to 2007. The MI Lec-
ture Note Series has published the notes of lectures organized under the following two 
programs: “Training Program for Ph.D. and New Master’s Degree in Mathematics as 
Required by Industry,” adopted as a Support Program for Improving Graduate School 
Education by MEXT from 2007 to 2009; and “Education-and-Research Hub for 
Mathematics-for-Industry,” adopted as a Global COE Program by MEXT from 2008 to 
2012.

In accordance with the establishment of the Institute of Mathematics for Industry (IMI) 
in April 2011 and the authorization of IMI’s Joint Research Center for Advanced and 
Fundamental Mathematics-for-Industry as a MEXT Joint Usage / Research Center in 
April 2013, hereafter the MI Lecture Notes Series will publish lecture notes and pro-
ceedings by worldwide researchers of MI to contribute to the development of MI.

October 2014
Yasuhide Fukumoto
Director
Institute of Mathematics for Industry
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Social Force Model
Totally Asymmetric Simple 
Exclusion Process (TASEP)
(1D Cellular Automaton)
Floor Field Model

@

•
•
•

2000

3/57

1.. 2.2.

(Social Force Model)

3.3.
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Social Force Model
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dt
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Acceleration

Desired Velocity

Reaction Time

Interaction Force from 
other pedestrians

Interaction Force from 
walls and obstacles

Exit

TASEP

•
•
•

A B C D

A B CD

D B C

+ 1

+ 2 A

Protein composition 
process of Ribosomes on 
mRNA (1968)

Bursting of housing bubble 
(2010)

Matrix-products ansatz, 
Bethe ansatz
(1990 )
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Hopping probability
= exp

dir = , , , , stay
: Normalization
: Sensitivity parameter

: Static floor field
(Distance to the exit)

Only one pedestrian 
can enter in one cell.

Floor Field Cellular Automaton 
Model for Evacuation
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Dynamic Floor Field D

DDDD is the number of footprints.
Pedestrians leave a footprint.
Pedestrians tend to move a 

cell which contains large D.
DDD diffuses and decays.

DDDD mimics the long-range 
interaction by short-range one.

exp ,x s x d x

x

p N k S k D
D R

1 (1 )(1 )(1 )
4

t t t
here here x

x here

D D D

Basic Features of Collective 
Behaviors of Pedestrians

Arch Formation at an Exit

Oscillation of Flow at Oscillation of FO
a Bottleneck

Lane Formation of Lane FormatioL
Counterflow

on of atio
ww at a corridor

Both the Social Force Model and the Floor Field Model 
can reproduce these collective behaviours.

Advantage (Disadvantage) of
the Social Force Model and

the Floor Field Model
Advantage of the g e Social Force Model

Detailed Movement

Advantagege of the e Floor Field Model
Exclusive Volume Effect
Fast Calculation Time
Theoretical Analysis
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Pedestrian Outflow and Obstacle

Phys. Rev. E, 76(6), 061117, 2007
Phys. Rev. E, 80(3), 036110, 2009
SICE Journal of Control, Measurement, and System Integration,
3(6), pp. 395-401, 2010

Pedestrian Outflow (POF)

Pedestrian Outflow (POF) is the number of 
pedestrians, who go through an 1 [m] exit in 1 [sec].
POF greatly affects 

g g [ ]
s Total Evacuation Time.

Large POF = Small Total Evacuation Time.
Motivation 1: How to estimate POF for various cases?
Motivation 2: How to increase POF?

Time =

POF= .

sec

persons/ m sec

1[m]
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Simulation

Exit

Important!

Does not
important

Mathematical Formulation for POF

There are pedestrians 
around the Exit cell.

pedestrians are trying 
to move to there.
No cell structure (lattice).
( determines the cell 
structure.)

E1

2

k

1

1

, = 1 + 1 1
POF:

= 1

= 1

Two Important Factors in Evacuation 
through an Narrow Exit

2. Turninggggggggg

thro
1. Conflicts

( )

= 1 1 1
0,1 : Aggressive parameter
: Number of pedestrians

move to an exit at the same time

= exp 0,1
0, : Inertia coefficient

, : Turning angle

o t

= 1 1 11
Friction Function

0 1
Turning FunctiongggggggWhen pedestrians 

turn at the exit 
cell, their walking 
speed decrease.
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Schematic View of the Experiments

(A) n=1 (B) n=2

(E) n=3

(G) n=4 (H) (I)

150 cm

6

20

4

(C) n=2
0

02
(D) n=2 (F) n=302

2
6

150 cm Exit Width
50cm

Evacuees
18 people

2 or 3 
times each

Theory v.s. Experiment

Zipper merging
(Almost 1 lane)

Quiz Which is the fastest?
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Effect of an Obstacle
<No Obstacle> <Shifted>

Model

E EE

2.52 2.50 2.60

<Center>

Exclusive Queueing Process

JSIAM Letters, 2, pp. 61-64, 2010
J. Stat. Phys., 141(5), pp. 829-847, 2010

N-Queue & E-Queue
<N-Queue>

(Normal Queue)
(Conventional Model)

<E-Queue>
(Exclusive Queue)

(New Model)

Service 
window

DD AABBCC

Service 
window

DD BBCC

1

DD BBCC

DD AABBCCt

1t

2t

EE BBCCDD EE

EE

Number = 4
Length = 5

Number = 4
Length = 5

Number = 4
Length = 4

Number = 4
Length = 4

Number = 4
Length = 4

1.. Time for closing upppp1.
2.

. Time for closing uT gggg. T

. Interval distance

9



Balance Equations of E-Queue
(Master Equations in the Stationary State)

Number of pedestrians in a queue,
Length of a queue, and Waiting time

are 
a queue, a

e exactlyyyyyyyyyy obtained.  

0 0

0

(1 ) (1 ) (1,0),
(1,0) (1 )(1 ) (1,0) (1 ) (1,0),
( , ) (1 ) ( 1, ) (1 )(1 ) ( , 2 ) ( , 2 1)

                               (Group A

A

A A B

A A A A

P P P
P P P P
P n m P n m P n m P n m

2

2 2 2

2 1

1: 2,  0 2 1),

( , ) ( 1, 2 ) (1 ) ( , 2( 2 )) ( , 2( 2 ) 1)

                               (Group A2: 2,  2 2 1),
( , )

n

n n n
A B B B

n n

B A

n m

P n m P n m P n m P n m

n m
P n m P ( , ) (1 ) ( 1, 2 ) ( 1, 2 1)

                               (Group B: 1).
A An m P n m P n m

n

Convergence Condition

N-Queue

E-Queue

N Queue C
E Queue P

Converge

Diverge

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Arrival Probability 

Se
rv

ic
e 
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ob
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y 

E-Queue’s condition is 
severe because of the severe because of thee
time for closing upgggggg ppppp.

< < 1

< 1 + < Queue infinitely grows.

Stationary 
state exits.

Experiment
Service 
window

3 [m]

6 [m]

1. Arrives at 
the queue.

3. Leave 
the queue.

2. Proceeds in the queue.

Inter-arrival 
time 1/
Service 1/

Name Middle Fast
Fast arrival and service

15 [sec] 9.47 [sec] 5 [sec]

12 [sec] 7.58 [sec] 4 [sec]

Slow
Slow arrival and service

Arrival: 

Service: 

0.8
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Slow
Middle
Fast

Slow

Middle

Fast

0 100 200 300 400
0

5

10

15

20

25

30

t sec

n
pe
rs
on
s

Which Convergence Condition is 
More Realistic?

1
N-Queue E-Queue

In Fast case,
0.20.2,  , 0.2

1
5

N-Queue’s condition: 
E-Queue’s condition: 

E-Queue is more realistic!

< 1

Walking-Distance introduced 
Queueing Model

Transportation Research Part C: Emerging Technologies,
In Press, DOI: 10.1016/j.trc.2013.04.008

1 2 3 4

C C C C C

C

1 2 3 4

C C C C C

C2a

2b

2k

p

p

2b

/ s / s

p

/ s/ s

p

<Fork>
Which type is more efficient?
<Parallel>

(ex. Checkout counters 
in a supermarket

(ex. Automated teller 
machines in a bank)

Service 
Windows

=Waiting time is short.

Slow
Middle
Fast

Slow

Middle

Fast

0 100 200 300 400
0

5

10

15

20

25

30

Which Convergence Condition is 
More Realistic?

1
N-Queue E-Queue

In Fast case,
0.20.2,  , 0.2

1
5

N-Queue’s condition: 
E-Queue’s condition: 

E-Queue is more realistic!

< 1

sec

pe
de
str
ian

s
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0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

7

Degree of Congestion

M
ea
nW

ait
in
gT
im
e

N-Parallel N-Fork
Conclusion from “Normal” Queueing Theory

N-Parallel

N-Fork

N-Fork is better!

Quiz Which waiting time is shorter?

Distance to the window 

D-Fork
(Distance introduced Fork)

( 1)nd a b k n

1n
n

dT
pWaking time

Mean transit time to pass 
the window 

Mean transit rate to pass 
the window 

Service time

= = 00 NN-N-Fork

1 2 3 4

C C C C C

C

1 2 3 4

C C C C C

C2a

2b

2k

p

p

= 1 = 1 + + 1

= + , =

Number of windows
= 4
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Balance Equations

0 1

1 1

1

1

1

1

( 1) ( ) (1 1)
( ) ( )

n n

s s

n n n

n n n

P P
P n P n P n s
P s P s P n s

PPnPPn: Probability of of nn pedestrians are waiting.

Normal Model: Ideal model for pedestrian queues.

Distance Model: Realistic model for pedestrian queues.

0 1

1 1

1

1 1( ) ( 1)n n n

P P
P P P n

0 1

1 1 ( ) ( 1)n n n

P P
P P P n

0 1

1 1

1 1

( 1) ( ) (1 1)
( ) ( )

n n n

n n n

P P
P n P n P n s
P s P s P n s

1 2 3 4

C C C C C

C

1 2 3 4

C C C C C

C2a

2b

2k

p

p

2b

/ s / s

p

/ s/ s

p

Arrival-service ratio = /

Reversal of Mean Waiting Time 

= 4
= 0.1
= 1
= 0.3
= 0.2

1 Crossingngggggggg

M
ea

n 
w

ai
tin

g 
tim

e

When the queueing system is congested D-Parallel’s 
becomes smaller than D-Fork’s!

Suitable Type of Queueing System

Arrival-service ratio

Ef
fe

ct
 o

f w
al

ki
ng

 d
is

ta
nc

e

(A) Parallel(D)

(E) Fork
(B)

(C)

Never appear.

= (walking time)
(serivice time)

= /
1/

: interval distance
: walking rate
: service rate
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D-Fork-Wait

There is no effect of Walking Time!
Waiting time may become small as that of N-Fork!

Experiment ( = 0.63, = 0.38)

W W W W

Parallel Fork

Fork-Wait Parallel

Fork

Fork-Wait

Mean modified waiting time

Walking with Slow Rhythm

Phys. Rev. E, 85(1), 016111, 2012.

g y

b

h

ri

ro

N pedestrians
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Walking on Music

Frederik Styns et al, Walking on Music, Human Movement Science, 26, 769, 2007.

Pace v.s. VelocityMusic Tempo v.s. Pace

Music Tempo Pace Velocity Pace

Rhythm can control walking velocity of single pedestrian.
What happens in a crowd case?

b

h

ri

ro

N pedestrians

Circuit and Model

Assumptions
Overtaking is prohibited.
Both characteristics and distribution of pedestrians 
are homogeneous.

Parameters
Length of the circuit: 
Density =
Headway Distance =

=

Stride Function S and Pace Function P
Stride S
Pace P

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

Density persons m

St
rid
eS

,P
ac
eP

(0,1]: Effect of personal space
/ : Effect of density on pace

b=1, s=2, k=1,
p=1, a=0.2 bskb

k
jc

1,

c
j

Velocity Stride Pace

Low-density regime
0,
=
=

High-density regime
,

= ( )
= ( )

= ( )

Density [person/m]
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Stride S
Pace P

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

Density persons m
St
rid
eS

,P
ac
eP

Normal and Rhythmic Walking

Normal Walking
a>0

Pace does not change in
the high-density regime.

Stride S
Pace P

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

Density persons m

St
rid
eS

,P
ac
eP

Pace decreases in the
high-density regime.

Rhythmic Walking
a=0

Density [person/m]

Density [person/m]

Theoretical Analysis
Fast Rhythm
Normal
Slow Rhythm

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

Density persons m

Fl
ow

Q
pe
rs
on
ss
ec

(p, a)
(1.2, 0)
(1, 0.5)
(0.8, 0)

Fast Rhythm increases the pedestrian flow.
Slow Rhythm improves the flow in the high-density regime.

Convex
Downward

Density [person/m]

Fl
ow

 
[p

er
so

ns
/s

ec
]

Single Pedestrian Walking
with Rhythm

Beet per Minutes (BPM)

Normal

Slow Rhythm

70
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Normal v.s. 70 BPM
(Number = 6, Density = 0.47 [1/m])

Normal 70 BPM

= 1.8 [m]
= 2.3 [m]

Normal v.s. 70 BPM
(Number = 24, Density = 1.86 [1/m])

Normal 70 BPM

= 1.8 [m]
= 2.3 [m]

Experimental and Theoretical Results

Crossingggggggggg

70 BPMNormal

Slow rhythm improves the flow in the high-density regime.
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Conclusion
Pedestrian Outflow and Obstacle

Conflicts and Turning affects the pedestrian outflow.
Obstacle may improve pedestrian outflow. 
Exclusive Queueing Process
Excluded-volume effect is important in pedestrian 

queue.
Walking-Distance Introduced Queueing Model

Suitable type of queueing system changes according to  
the arrival and service rates.
Walking with Slow Rhythm

Density, Mobiles, and Rhythm affects walking velocity.
Slow uniform walking improves the pedestrian flow.

18



Advancement of mathematical model of disaster prevention and evacuation

planning toward social implementation

November 30-December 1, 2017, Fukuoka, JAPAN

Network restoration scheduling in humanitarian
logistics management

I-Lin Wang

National Cheng Kung University,
Tainan City, Taiwan
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Underground Pipeline Network 
Restoration Scheduling Problems in 
Post-disaster Humanitarian Logistics

by

16:05-17:05, Nov. 30, 2017 @ Meeting RoomAB Nishijin Plaza, Kyushu University

I-Lin Wang
Department of Industrial & Information Management

National Cheng Kung University, Tainan, Taiwan

Advancement of mathematical model of disaster prevention and evacuation planning 
toward social implementation

2

• Gas explosion at Kaohsiung (Jul. 2014)

– 29,789 families no electricity
– 23,642 families no gas
– 13,500 families no water
– 2,780 families no phone line
– > 3 months to recover

• Earthquake at Tainan (Feb. 2016)

– 117 casualties 
– >1 month no running water

3

20



• A restoration team has to 
– excavate earth
– close control valves
– repair or replace pipeline
– backfill earth 

• Take days or even weeks
– Worse for large-scale area

4

• Given
– A connected network with damaged arcs

• w.l.o.g. assuming all arcs are damaged
– Demands (Dij) & restoration time (Pij) for each arc (i,j)
– Source nodes (accessible to outside flow)
– Restoration team profile (capability, effectiveness)

• Assumption:
– Nonpreemptive scheduling (no interruption)
– 1 team for 1 arc at 1 time

• Objective
– Minimize total waiting time

5

Team

Time

Network compacting

•
–

•
–

•
•

–
–
–

•
6

21
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(7, 6)(4, 2)
(3, 1)

(8, 0)

(5, 0)

(4, 0)

(7, 0)

(8, 0)
(6, 5)

(8, 2)

(2, 1)
(1, 3)

(3, 7)
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General graph, k=1

Single PATH, general k 

•

–

•
–
–

•
–

11

How about single team? outside inside

Arc Selection Intuition for Single Team

12
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(3, 4)

(2, 1)
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(7, 6)(4, 2)
(3, 1)

(8, 1)

(5, 1)

(4, 1)

(7, 1)

(8, 1)
(6, 5)

(8, 2)

(2, 1)
(1, 3)

(3, 7)

(4, 5)

23



13

Min  ( (1 ))A
a a a

a A
D f M y

0
( ) (1 )

T
A

a a at a
t

f t P x M y a A

( )
0

(1 )
T

N
at tail a a

t
tx f M y a A

0
( ) 1

T

at at
t

x x a A

0

T

a at
t

y x a A

(2)

(1)

(3)

(4)

(5)

Integer Program for Single Team ( )

1
    , 0

( )

, , 1, ,
at P

it it at as
a A s

head a i

z z x i N i S t T

1 , 1, ,it itz z i S t T

( ), { , } , 0, ,
aat head a min T t Px z a A t T

0
1

T

it
t

z i N

1 1( ) (1 ( )) , 1, ,N
it it i it itt z z f t M z z i N t T

(7)

(6)

(8)
(9)
(10)

0 1iz i S

0 0 ,iz i N i S

{ 1,0}
0, ,

a

t

a as
a A s max t P

R x R t T

(12)
(11)

(13)

Can NOT be extended for Multi Teams

Arc Selection Intuition for Multi Team
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(2, 1)
(1, 3)
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(4, 5)
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(3)

(4)

(5)

(6)

(7)

(8)

(9)
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(11)
Subtour elimination

Integer Program for Multi Team based on 
Branch-and-Cut ( & )

Add cuts whenever necessary
Too time consuming
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Multicommodity Flow IP Modeling Intuition
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(3, 4)
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(7, 6)(4, 2)
(3, 1)

(8, 1)

(5, 1)

(4, 1)

(7, 1)

(8, 1)
(6, 5)

(8, 2)

(2, 1)
(1, 3)

(3, 7)

(4, 5)

Check accessibility for a node by checking its -1 demand

-1

-1
-1

-1-1

-1
-1

-1

-1

-1

-1

-1 Supply up to 12 units

Cannot receive supply 
NO accessibility
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(12)

Better than & , still not good enough
Tried adding new valid inequalities
but still time consuming

•
–

•
•

•
–
–
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Sequential Segment Heuristic (SSH)
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(3, 4)

(2, 1)
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(7, 6)(4, 2)
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(8, 1)

(5, 1)

(4, 1)

(7, 1)

(8, 1)
(6, 5)

(8, 2)

(2, 1)
(1, 3)

(3, 7)

(4, 5)

Greedy Algorithms

20

Select arc by its weight (e.g., Dij/Pij in decreasing order)
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(5, 0)

(3, 0)

(2, 0)

(4, 0)

(7, 6)
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(3, 1)

(8, 0)
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(7, 0)
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(1, 3)

(3, 7)

(4, 5)

S

C

G

H

I

J

K

L

F

E

D
A

B

(5, 0)

(3, 0)
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(7, 6)
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(3, 1)

(8, 0)
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(4, 0)

(7, 0)
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(4, 5)

•
–

–
–

•
–
–

–
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• Add 4 valid inequalities

• Performance of different combinations: 

22

,
( )

, , 0, ,
e p

at i it
a A A
head a i

y IND v i N i S t T

1 , 0, , 1at at pz z a A t T

1 , 0, , 1at at e py y a A A t T

1 , 0, , 1it itv v i N t T

(13)

(14)

(15)

(16)

(13): if a perfect arc a connects to an accessible node,
then a is also accessible.

• Tree graphs

• General graphs

23

• Restore damaged pipelines ASAP are 
important to the QoL for refugee 

• Pipeline arc restoration problem is a special 
RCPSP with network structure

• Propose a network compacting scheme
• Propose exact IP models ( , & , )
• Proposed efficient & effective heuristics 

(SSH, GT, GCC)

24

Click Here
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Airspace Evacuation Strategies

Ralf Borndörfer, Christoph Grafe, Pedro M. Casas

01.12.2017

Zuse Institute Berlin

1

Zuse Institute Berlin http://www.zib.de

Description
Interdisciplinary research institute
for applied mathematics and
high-performance computing.
Cooperations with academia and
industry.

Research Units
- Numerical Analysis and Simulation
- Visualization and Data Analysis
- Optimization
- Scientific Information Systems
- High Performance Computing
- Computer Science Research 2

Intro

Problem Motivation

29



Yellow Ribbon Operation

4

When Airspaces Need to be Emptied

5

Intro

Flows Over Time Visualization

30



Flows Over Time or Dynamic Flows

(1/2)

(2/1)

(2/1)

(2/2)

(1/1)

(2/1)

(1/1)

A

B

C

U

V

T

Labels: (τa, ua)

6

Intro

Input and Problem Classes

Dynamic Network

A dynamic Network...
N = (D = (V ,A), τ, u,S, T )

consists of

• a directed graph D = (V ,A)

• a transit time function
τ : A → N

• a capacity function u : A → N

• a set of sources S ⊂ V

• a set of targets T ⊂ V

(1/1)

(2/1)

(1/2)

s1

s2

t1

t2

Labels: (τa, ua)

7
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Problem Classes on Dynamic Networks

Given a network N := (D := (V ,A), τ, u,S, T )

Problem Extra Input Objective Evacuation

Max Flow
Time limit

T

Max S − T flow
until T

−

Feasible
d-Transshipment

T , Demands
d : S ∪ T → Z

d-Flow
until T?

−

Quickest
d-Transshipment

Demands
d : S ∪ T → Z

Quickest
d-Flow

+

8

Problem Classes

Dynamic Max-Flow

Topic Review – Dynamic Maximum Flow

1958 1959 1962 1973 1994 2002 2004 2007 2009 2011 2017

Ford and Fulkerson
Dyn. Max Flow Introduction

F&F - Dyn. Max Flow strongly poly.

9
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Example: Dynamic Max-Flow Problem

Given a network N = (D = (V ,A), τ, u,S, T ) and a time limit T ,

a dynamic max-flow problem
seeks to maximize the flow from S to T in N within T unit of time.

(1/1)

(2/1)

(1/2)

s1

s2

t1

t2

θ

Inflow (t1 + t2)

11

Labels: (τa, ua), T = 4, θ = 4

10

Dynamic Max-Flow Formulation

Time Dependent Max-Flow

max
∑

a∈δ+(s)

∑
θ∈{0,...,T}

xa(θ)

s.t.
∑

a∈δ+(v)

xa(θ) =
∑

a∈δ−(v)

xa(θ) , ∀v ∈ V \{s.t}, θ ∈ [T ]

xa(θ) ≤ ca , ∀a ∈ A, θ ∈ [T ]

xa(θ) ∈ N , ∀a ∈ A, θ ∈ [T ]

11

Algorithms for Dynamic Max-Flow

Static Max-Flow on Time Expanded Network

+ Easy to understand and implement

– Size of Time Expanded Network not polynomial

+ Time Expanded Network can be manipulated in applications

→ Pseudo-Polynomial algorithm depending on T .

Temporarily Repeated Flow [Ford & Fulkerson 62]

+ No graph transformation depending on T and strongly polynomial.

12
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Time Expanded Network

For a network N = (D = (V ,A), τ, u,S, T ) and time limit T

Original Network

(1/1)

(2/1)

(1/2)

s1

s2

t1

t2

Labels: (τa, ua)

Time Expanded Network T = 2

s2 s1 t1t2

13

Problem Classes

Feasible Dynamic Transshipment
Problem

Problem Classes on Dynamic Networks

Given a network N = (D = (V ,A), τ, u,S, T )

Problem Extra Input Objective Evacuation

Max Flow
Time limit

T

Max S − T flow
until T

−

Feasible
d-Transshipment

T , Demands
d : S ∪ T → Z

d-Flow
until T?

−

Quickest
d-Transshipment

Demands
d : S ∪ T → Z

Quickest
d-Flow

+

14
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Example Dynamic Transshipment Problem

Given a network N = (D = (V ,A), τ, u,S, T ), a demand function
d : S ∪ T → Z, and an time limit T ,

a dynamic transshipment problem
seeks to find a flow in N that satisfies d in at most T time units.

(1/1)

(2/1)

(1/2)

s1

s2

t1

t2

θ

Inflow (t1 + t2)

4

Labels: (τa, ua), d(si ) = 2, d(ti ) = −2, T = 3, θ = 3

15

Dyn. Transshipment Feasibility via Dynamic Max-Flow

Graph transformation for an instance I of the Dynamic
Transshipment Problem

(1/1)

(2/1)

(1/2)

(0/2)

(0/2)

(0/2)

(0/2)

s1

s2

t1

t2

s t

Labels: (τa, ua), d(si ) = 2, d(ti ) = −2, T = 3

I is feasible iff
maxFlow(s, t,T ) ≥

∑
s∈S

d(s)

16

Problem Classes

Quickest d-Transshipment Problem
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Topic Review – Quickest Transshipment

1958 1959 1962 1973 1994 2002 2004 2007 2009 2011 2017

Ford and Fulkerson
Dyn. Max Flow Introduction

F&F - Dyn. Max Flow strongly poly.

Hoppe & Tardos
Quickest Transsh. strongly poly.

17

Quickest Transshipment via Dynamic Max-Flow

Graph transformation for an instance I of the Dynamic
Transshipment Problem

(1/1)

(2/1)

(1/2)

(0/2)

(0/2)

(0/2)

(0/2)

s1

s2

t1

t2

s t

Labels: (τa, ua), d(si ) = 2, d(ti ) = −2

Binary Search on T

Set U = bigM, L = 0, T = bigM/2 and run a binary search until T is
the smallest value s.t. maxFlow(s, t,T ) is feasible.

18

Algorithms For Quickest Transshipment

Binary Search Algorithm

+ Easy to understand and implement

+ Uses time expanded network → customizable modeling

- Uses time expanded network → pseudo polynomial running time

Submodular Function min. and Lexicographically Maximum Flows
[Hoppe, Tardos 94]

+ Strongly polynomial algorithm

- Never(?) implemented so far

19
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Evacuation

Earliest Arrival Transshipments

Topic Review – Earliest Arrival Transshipment

1958 1959 1962 1973 1994 2002 2004 2007 2009 2011 2017

Ford and Fulkerson
Dyn. Max Flow Introduction

F&F - Dyn. Max Flow strongly poly.

Gale
SS-ST Earliest Arrivals Existence

Minieka
Pseudo Poly. Algo for Earliest Arrival Fl.

Richardson & Tardos
Pseudo Poly. Algo for Earliest Arrival Tr.

Klinz - Dyn MCF NP-hard

Skutella, EAT in O(in + out)

Hoppe & Tardos
Quickest Transsh. strongly poly.

20

Earliest Arrival Transshipment

Given a network N = (D = (V ,A), τ, u,S, T ) and demands
d : S × T → R

Different evacuation scenarios

min time needed to send all supplies to t (2)

max amount of flow entering t at every θ ∈ [T ] (3)

Optimization Problems for Evacuation

• Optimizing objective (2) we get a Quickest Transshipment

• Optimizing objective (3) we get an Earliest Arrival Transshipment

21
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Example: Quickest Transshipment vs. Earliest Arrival

θ

Inflow(T , θ)

Earliest Arrival, Quickest Transshipment

22

Existence of Earliest Arrival Flows

Given a network N = (D = (V ,A), τ, u,S, T ) and demands
d : S × T → R

Do Earliest Arrival Flows always exist?

• If flow hurries towards the correct sink, yes.

• This can only be ensured if |T |= 1.

Theorem [Minieka73]
Earliest arrival flows always exist if there is only one sink.

24

Existence of Earliest Arrival Flows – The MultiSink Case

Example: The graph D1 with unit transit times

(1)

(1)

(1)

s1

s2

t1

t2

Labels: ua, d(si ) = 2, d(ti ) = −2

Quickest Transshipment

θ 1 2 1+ 2
Inflow t1 1 1 2
Inflow t2 1 1 2
Inflow T 2 2 4

Earliest Arrival?

θ 1 2 1+ 2
Inflow t1 2 0 2
Inflow t2 1 0 1
Inflow T 3 0 3

25
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Existence of Earliest Arrival Flows – The MultiSink Case

(1)

(1)

(1)

s1

s2

t1

t2

Graph D1

(2) (1)

(2)

u v w

x

Graph D2, d(u) = 4, d(w) =

2, d(v) = −2, d(x) = −4

Theorem [Schmidt, Skutella 2010]
A network N allows for an Earliest Arrival Transshipment for all choices
of capacities and balances iff the graph D does not contain D1 or D2 as
subgraphs.

26

Existence of Earliest Arrival Flows – The MultiSink Case

In practice, many multiSink applications can be reformulated.

(1)

(1)

(1)

(d(t2))

(d(t1))

s1

s2

t1

t2

t

Graph D1

Theorem [Richardson, Tardos 2002]
A network N with multiple sources and a single sink allows for an
Earliest Arrival Transshipment for all choices of capacities and balances.

27

Algorithms for Earliest Arrival

Given a network N = (D = (V ,A), τ, u,S, t) and demands
d : {S, t} → R

Successive Shortest Path Algorithm

1: Initialize flow x = 0 on time exp. network with T big enough
2: while s, t connected in the residual network Rexp

N do
3: Augment x along shortest (s, t)-path in Rexp

N
4: end while
5: Use gen. path decomposition of Step 3 and temporarily repeat to get

dynamic flow xθ.
6: if xθ satisfies d then
7: return Success
8: else
9: return Fail

10: end if

28
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Flows with Bridge Capacities

Problem Description

Flows with Bridge Capacities

Consider a network N = (D = (V ,A), τ, u,S, T ) and demands
d : S × T → R

with new type of capacities ba:
θ+τa−1∑

i=θ

xa(i) ≤ ba, a ∈ A, θ ∈ {0, . . . ,T}

Classical Capacities

θ

xa

ua

1 2 3

Arc a has capacity ua = 3 29

Flows with Bridge Capacities

Consider a network N = (D = (V ,A), τ, u,S, T ) and demands
d : S × T → R

with new type of capacities ba:
θ+τa−1∑

i=θ

xa(i) ≤ ba, a ∈ A, θ ∈ {0, . . . ,T}

Classical Capacities

θ

xa

ua

1 2 3

Arc a has capacity ua = 3

Bridge Capacities

θ

xa

ua

1 2 3

Arc a has capacity ba = 2 29
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Topic Review – Bridge Capacities

1958 1959 1962 1973 1994 2002 2004 2007 2009 2011 2017

Ford and Fulkerson
Dyn. Max Flow Introduction

F&F - Dyn. Max Flow strongly poly.

Gale
SS-ST Earliest Arrivals Existence

Minieka
Pseudo Poly. Algo for Earliest Arrival Fl.

Richardson & Tardos
Pseudo Poly. Algo for Earliest Arrival Tr.

Klinz - Dyn MCF NP-hard

Skutella, EAT in O(in + out)

Melkonian Bridge Capacities
Intro & weakly NP-compl.

Skutella - FPTAS for Bridge Cap.

Hamacher
Integer Bridge strongly NP-compl

Hoppe & Tardos
Quickest Transsh. strongly poly.

30

Flows with Bridge Capacities – Model

Integer Bridge Problem

max
∑

a∈δ+(s)

∑
θ∈{0,...,T}

xa(θ)

s.t.
∑

a∈δ+(v)

xa(θ) =
∑

a∈δ−(v)

xa(θ) , ∀v ∈ V \{s.t}, ∀θ ∈ {1, . . . ,T}

θ+τa−1∑
i=θ

xa(i) ≤ ua , ∀a ∈ A, ∀θ ∈ {1, . . . ,T}

xa(θ) ∈ N , ∀a ∈ A, ∀θ ∈ {1, . . . ,T}

LP-Relaxation no longer feasible!
Note that the bridge constraints destroy total unimodularity!

31

Airspace Evacuation

Problem Formulation

41



Input – The Airway Network

32

Input – Sources, Sinks and Arc Capacities

Sources and Sinks

• Sources: The position (nodes) of a given set of aircraft.

• Sinks: Available airports in the Airway Network (graph).

Arc Capacities
Common arcs have capacity 1 to simulate waiting.

33

Immediate Start and Airport Capacity

Immediate Start
Aircraft can’t wait at a node.

• Single copy of airports/sources needed.

• Only one unit of flow per source!

Airport Capacity and Multiple Sinks?

• No need for multiple sinks: An airport does not demand aircraft.

• BUT it can store a maximum number of aircraft
→ "bridge capacity" at a node.

34
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35

Airspace Evacuation

A Graph-Based Algorithm

A Graph-Based Algorithm

Graph Preprocessing

• Time Expansion needed

• Time Expansion does little harm (only one copy of each source and
no waiting arcs)

• Airport Filters needed (Airport capacities → Bridges)

36
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A Graph-Based Algorithm

Graph Preprocessing

• Time Expansion needed

• Time Expansion does little harm (only one copy of each source and
no waiting arcs)

• Airport Filters needed (Airport capacities → Bridges)

Run
Adapted Successive Shortest Path Algorithm

36

Time Expansion for Airspace Evacuation

Consider the following instances: japan_200_20 and europe_200_20

Japan Europe

Original number of nodes 13,978 23,103
Original number of arcs 22,521 102,502
Chosen time limit T [min] 596 550
Nodes after time exp. 1,277,716 8,053,503
Arcs after time exp. 5,267,948 57,884,410

37

Airport Filters

Original graph

t cap = 10

Airport Filter in Time Expanded Network

(10)

t1

t2

tT

θ = 1

θ = 2

θ = T

af t*

38
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Adapted Successive Shortest Path Algorithm

Successive Shortest Path Algorithm

1: Initialize flow x = 0 on time exp. network with T big enough
2: while s, t connected in the residual network Rexp

N do
3: Augment x along shortest (s, t)-path in Rexp

N
4: end while
5: Use gen. path decomposition of Step 3 and temporally repeat to get

dynamic flow xθ.
6: if x satisfies d then
7: return Success
8: else
9: return Fail

10: end if

39

Correctness of the Algorithm

Theorem
Consider a network N = (D = (V ,A), τ, u, s, t) with unit capacities. If
there is a flow of value k , then there are at least k edge-disjoint
(s, t)-paths.

→ Max-Flow for fast feasibility check.

40

Correctness of the Algorithm

Theorem
Consider a network N = (D = (V ,A), τ, u, s, t) with unit capacities. If x
is a 0 − 1 flow with value k , then the arcs with xa = 1 contain a set of k
edge-disjoint paths.

→ If the problem is feasible, Successive Shortest Path finds a flow of
value k that can be decomposed.

41
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Running Time

Consider the following instances: japan_200_20 and europe_200_20

Japan Europe

Quickest Transshipment [s] 60.2 1,100.6
Earliest Arrival Transshipment [s] 1.8 16.2

Evacuation Duration [min] 377 260

42

Quickest vs. Earliest Arrival

Earliest vs. Quickest Japan

43

Quickest vs. Earliest Arrival

Earliest vs. Quickest Europe

43
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Airspace Evacuation

Future work

Future Work

• Minimum aircraft separation

• Aircraft Evacuation with constraint resources

• Priority Evacuation

44

Planning Aircraft Routes is Important!

Hurricane Irma. FlightRadar24.com on Sept. 7th 2017.
45
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Advancement of mathematical model of disaster prevention and evacuation

planning toward social implementation

November 30-December 1, 2017, Fukuoka, JAPAN

Solving Extremely Large Stochastic Mixed-Integer
Programs in Parallel on Distributed Memory

Computing Environments

Yuji Shinano

The Zuse Institute Berlin: ZIB
Berlin, Germany
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Solving Extremely Large Stochastic Mixed-Integer 
Programs in Parallel on Distributed Memory 

Computing Environments

Yuji Shinano
Zuse Institute Berlin

joint work with 
Lluis Miquel Munguia, Geoffrey Oxberry, Deepak RajanMiquel Mungu

Outline

Application driven research
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Background and Purpose

General form of 

min{c�x : Ax ≤ b, l ≤ x ≤ u, xj ∈ Z, for all j ∈ I}
A ∈ Rm×n, b ∈ Rm, c, l, u ∈ Rn, I ⊆ {1, . . . , n}

min{c�x : Ax ≤ b, l ≤ x ≤ u, xj ∈ Z, for all j ∈ I}
A ∈ Rm×n, b ∈ Rm, c, l, u ∈ Rn, I ⊆ {1, . . . , n}

Stochastic programming models optimization problems involving uncertainty

An approach: Optimize minimum expected cost

Typically: Decisions are staged

Consider two-stage stochastic mixed-integer programs (SMIPs):

1st stage: deterministic “now” decisions

2nd stage: depends on random event & first stage decisions.

Cost function includes deterministic variables & expected value function of non-
deterministic parameters

Stochastic Mixed Integer Programming

Using sample average approximation (SAA), can be approximated using 
deterministic equivalent formulations 

This assumption yields characteristic dual block-angular structure.

Stochastic MIPs and their deterministic equivalent

⎡
⎢⎢⎢⎢⎣

A

T1 W1

T2 W2
.

.

.

.

.

.

TN WN

⎤
⎥⎥⎥⎥⎦

min c
t
x

⎡
⎢⎢⎢⎢⎣

x0

x1

x2
.

.

.

xN

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
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PIPS-SBB: a distributed-memory parallel solver 
for deterministic equivalent SMIPs

PIPS-SBB is a specialized Branch-and-Bound based solver for two-stage SMIPs 

Distributed Memory approach: Distribute data among multiple processors.
PIPS-S: Distributed Memory parallel Simplex solver for Stochastic LPs (Lubin et al., 2013)
PIPS-SBB: SMIP-specific cuts, heuristics, branching rules, etc.

Current progress: CP18 Integer and Combinatorial Optimization – Part I (Wed. 17:30)
PIPS-SBB: A distributed-Memory Linear-Programming-Based 
Branch-and-Bound Solver for Stochastic Mixed-Integer Programs
given by Geoffrey Malcolm Oxberry

...

A

T1

T2

TN

... ...

...

W1

W2

WN

Branch and Bound for solving MIPs

Branch and Bound (B&B): Most widely used algorithms for solving MIPs to optimality

Upper Bounds (UB) are provided by the integer solutions found along the B&B 
exploration

Each subproblem has a Lower Bound (LB) associated with the LP relaxation

Upper bound  (UB)

Lower bound (LB)

UB − LB

UB
· 100

GAP(%)

|           |

Branch and Bound is straightforward to parallelize in theory

Processing of subproblems is independent

Shared-memory parallelization present in most 
state-of-the-art MIP solvers

Distributed-memory parallelization is not as straightforward

Need to distribute work among different nodes
Information sharing results in communication overheads

Classification: Smallest transferrable unit of work

Coarse-grained parallelization: Unit of work is MIP subtree
Fine-grained parallelization: Unit of work is MIP tree node
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Branch and Bound is straightforward to parallelize in theory

Processing of subproblems is independent

Processing of nodes is a sequential computational bottleneck

PIPS-SBB: B&B based Stochastic MIP solver

Processing of nodes in parallel (parallel LP relaxation, 
parallel heuristics, parallel problem branching, …).

...

Branch and Bound is straightforward to parallelize in theory

Processing of subproblems is independent

Processing of nodes is a sequential computational bottleneck

PIPS-SBB: B&B based Stochastic MIP solver

Processing of nodes in parallel (parallel LP relaxation, 
parallel heuristics, parallel problem branching, …).

Parallelized B&B PIPS-SBB: Two levels of parallelism

Branch and Bound in parallel (coarse/fine)
Coarse-grained: ug[PIPS-SBB, MPI]
Fine-grained: PIPS-PSBB

...

Parallel Branch and Bound as a graph problem

We can regard parallel Branch and Bound as a parallel graph exploration problem

Given p processors, frontier of a tree is the set of subproblems currently being open 

Subset currently processed in parallel are the active nodes

Redundant node: A subproblem fathomable given that the optimal solution is known.

Goal: Increase efficiency of Parallel B&B by reducing number of useless nodes 
explored.
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Parallel Branch and Bound

To reduce the amount of useless nodes explored, the search must 

Fathom subproblems using high quality UBs
How to focus on the most promising nodes

To increase the parallel efficiency by:

Generating a set of active nodes comprised of the most promising nodes
Employing processors to explore the smallest amount of active nodes
With less communication overhead

Coarse-grained Parallel Branch and Bound: MIP subtrees

Advantages:
Less communication between MPI processes
Centralized implementations simpler to implement

Challenges: 
Extra work likely to be performed when compared to the sequential case 
May scale poorly due to load imbalance

Course-grained approach to Parallel Branch and Bound 
using UG

Ubiquity Generator Framework(UG) is a generic framework to parallelize B&B solvers

Exploits powerful performance of state-of-the-art base solvers, such as SCIP, Xpress, Gurobi, CPLEX
External parallelization using Sub-MIPs (Unit of work: MIP subtree)
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Solving techniques involved in SCIP

MILP (Mixed Integer Linear Programming) Problem

Parallel solving with mathematically supercharged algorithms

Finite, but exponential search space 
B&B: implicit enumeration for global optimality

UG: parallelization framework for state-of-the-art 
B&B algorithms (e.g. for MINLP, etc.)

Parallelize SCIP: Solving Constraint Integer Programs
Parallelize commercial solvers

min{c�x : Ax ≤ b, l ≤ x ≤ u, xj ∈ Z, for all j ∈ I}
A ∈ Rm×n, b ∈ Rm, c, l, u ∈ Rn, I ⊆ {1, . . . , n}

A A’

min{c���x : Ax ≤ b, l ≤ x ≤ u, xj ∈ Z, for all j ∈ I}
A ∈ Rm×n, b ∈ Rm, c, l, u ∈ Rn, I ⊆ {{1, . . . , n}}

exponential sea

UG  Ubiquity Generator Framework - 1

UG  Ubiquity Generator Framework - 2

54



UG  Ubiquity Generator Framework - 3 
Main features provided by UG

Ramp-up mechanism
Normal ramp-up, racing ramp-up

Dynamic load balancing
Checkpointing and restarting mechanism
Deterministic mode for debugging

Some facts about ug[SCIP, MPI]: ParaSCIP
Solved 2 MIPLIB2003 previously unsolved instances for the first time
Solved 12 MIPLIB2010 previously unsolved instances for the first time
ug[SCIP-Jack, MPI] solve three previously unsolved instances 
from PUC Steiner Tree Problem test set

SCIP-Jack: A customized SCIP solver for Steiner Tree Problem

Main results for MIP solving by ParaSCIP

The biggest and the longest computation
Solving rmine10: 48 restarted runs with 6,144 to 80,000 cores 
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Performance of state-of-the-art MIP Solvers

extendable to  solve more large classes of 

Solving open instances of MIPLIB2010

Course-grained approach to Parallel Branch and Bound 
using UG

Ubiquity Generator Framework(UG) is a generic framework to parallelize B&B solvers

Exploits powerful performance of state-of-the-art base solvers, such as SCIP, Xpress, Gurobi, CPLEX
External parallelization using Sub-MIPs (Unit of work: MIP subtree)

Base solver and communication library used are encapsulated by UG: 
ug[PIPS-SBB,MPI]
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Course-grained approach to Parallel Branch and Bound 
using UG

Dynamic load balancing using Lower Bounds (quality of “goodness”):

LoadCoordinator (LC) maintains queue of “good” nodes
LC Requests nodes from “good” solvers when queue size is small
LC hands out node from queue to solver when requested
Solver requests “good” node when current nodes are not “good”

Other details:

Multiple Ramp-up mechanisms: Normal ramp-up, racing ramp-up
Checkpointing and restarting mechanism
Deterministic mode for debugging

Capable of handling distributed-memory based base solver

Course-grained approach to Parallel Branch and 
Bound using UG

mpirun –np 10 ./ugpipssbbSMPS … -npipsbk 3k 3

Fine-grained Parallel Branch and Bound: MIP tree nodes

The smallest transferrable unit of work is a Branch and Bound node.
Queues in processors are collections of subtrees (frontier nodes)

Advantage: Allows for great flexibility and fine-grained control
Disadvantage: More communication

Solution: Coordination and exchange is decentralized to minimize communication
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Fine-grained control: Share the most promising nodes
Solution: All-to-all parallel node exchange of best active nodes

Load balancing is maintained via synchronous 
MPI collective communications

Lower bounds of most promising K x N 
nodes of all processors are exchanged and 
ranked 

The top K x N are selected and nodes are 
redistributed in a round robin fashion

Because of fine-grained nature of the 
approach, communication must be used 
strategically to minimize overheads

Status of each solver (Upper/lower bounds, tree 
sizes, times, solutions, …) exchanged 
asynchronously 
Node transfers are synchronous
Exchanges are triggered judiciously

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 0

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 2

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 0

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 1

0 21 3 5 864 7

Solver 0

0 21 3

Solver 1 Solver 2

5 86

4 97 10 1211

14

13

Gather top K · N · N bounds
(K nodes · N solvers · N solvers)

Solver 0

0 63

Solver 1 Solver 2

2 85

11

10

12

Redistribution of
top K · N nodes

1 74 9

13 14

16 2120

15

22

1817 19

Sort, and select top K · N bounds

K=3, N=3

16 2120

15

22

1817 19

Solver 2
0 21 3 5 864 7

Solver 1
0 21 3 5 864 7

Solver 0

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 0

0 21 3 5 86 1615 4 97 10

1211 13 14 1817 19 Solver 0

n Node estimation/bound n Node information

Fine-grained approach to Parallel Branch and Bound

Two levels of parallelism require a 
layered organization of MPI processors

In the PIPS-S communicator, 
processors perform in parallel:

Presolve, LP relaxations
Primal Heuristics, Cuts, Branching and Node 
Selection

In the Branch and Bound communicator, 
processors exchange:

B&B Nodes, Lower Bound information
Solutions, Queue sizes, and Search status

Two Strategies for Ramp-up:
Parallel Strong Branching
Standard Branch and Bound

Strategy for Ramp-down: intensify 
the frequency of node rebalancing

We test our solver on SSLP instances, from the SIPLIB library

SSLP instances model server locations under uncertainty
Instances are coded as SSLPm_n_s, where s represents the number of scenarios

Larger number of scenarios means bigger problems
LP relaxations of all instances fit in memory, even in CPLEX
PIPS-SBB can handle much larger LP relaxations

Details: See http://www2.isye.gatech.edu/~sahmed/siplib/sslp/sslp.html

Larger number of scenarios means bigger problems

LP relaxations of all instances fit in memory, even in CPLEX
PIPS-SBB can handle much larger LP relaxations
Computationally intensive features MIP Heuristics: on,  Strong Branching: off

All runs on the Cab cluster at LLNL:
Each node: Intel Xeon E5-2670, 2.6 GHz, 2 CPUs x 8 cores/CPU
16 cores/node, 2 GB RAM/core, 32 GB RAM/node
Infiniband QDR interconnect

CPLEX 12.6.2 used in some comparisons, in Vanilla setting.

Experimental performance results: Setup
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We measure parallel performance in terms of wall clock time, speedup, communication 
overhead, number of nodes processed and primal dual integral

Wall clock time

Speedup: Fraction of time Tp needed to reach optimality by a configuration with p processors with respect to the 
time needed by a sequential baseline T1:

Communication overhead (Parallel PIPS-SBB): Fraction of time Tcomm + Tsync needed for communication and 
processor synchronization with respect to the total time of execution Texec:

Idle time ratio (ug[PIPS-SBB,MPI]): Fraction of average idle time with respect to execution Texec:

Node efficiency: Fraction of redundant nodes explored Nr with respect to the total number of nodes explored 
Ntotal.

Experimental performance results: 
Measuring parallel performance

Performance comparison between PIPS-PSBB and ug[PIPS-SBB,MPI] when optimizing small instances. 
sslp_15_45_5 (5 scenarios, 3390 binary variables, 301 constraints)
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PIPS-PSBB allows to modify the frequency between synchronous communications.

Frequency defined with (x,y), where x and y represent the minimum and maximum 
number of B&B iterations that must be processed before communication takes place.

Tighter communication increases communication overheads, but reduces work 
performed.

The opposite takes place under loose communication.
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Instance Scenarios Configuration PIPS-PSBB ug[PIPS-SBB,UG] CPLEX SM CPLEX DM

Solvers PIPS-S
procs

GAP(%) (Time)(s) GAP(%) (Time)(s) Procs GAP(%) (Time)(s) Procs GAP(%) (Time)(s)

sslp_5_25_50 50 2 2 (7.45s) (8.03s) 4 (0.27s) 4 (0.27s)

sslp_5_25_100 100 2 2 (22.37s) (17.79s) 4 (0.64s) 4 (0.64s)

sslp_15_45_5 5 200 2 (107.11s) (163.53s) 16 (1.97s) 400 (6.26s)

sslp_15_45_10 10 200 2 0.09% 0.16% 16 (1.81s) 400 (15.04s)

sslp_15_45_15 15 200 2 0.25% 0.30% 16 (7.80s) 400 (15.75s)

sslp_10_50_50 50 200 10 0.13% 0.21% 16 (43.88s) 2000 0.15%(M)

sslp_10_50_100 100 200 10 0.17% 0.20% 16 (221.69s) 2000 0.16%(M)

sslp_10_50_500 500 200 10 0.24% 0.24% 16 4.91%(M) 2000 1.25%(M)

sslp_10_50_1000 1000 200 10 0.24% 0.24% 16 9.91% 2000 6.08%

sslp_10_50_2000 2000 200 10 0.26% 0.26% 16 19.93% 2000 8.11%

Time limit: 1 hour

Distributed-memory parallelization of CPLEX is often inferior to its shared-memory counterpart.
Both CPLEX versions run into Memory limits for some problems.

The superior performance of CPLEX’s base solver helps in trivial and small problems.
PIPS-SBB-based solvers show superior performance for large problems.

Performance comparison against CPLEX 12.6.2  

UG Synthesizer

can be distributed can be distributed b di tb t ib t ddt ib

PAC: L. Munguia, S. Ahmed, D. Bader, G.L. Nemhauser and Y. Shao. ‘‘Alternating Criteria 
Search: A parallel large neighborhood search algorithm for mixed integer programs,’’ 
accepted Computational Optimization and Applications, 2017.

60



Conclusions
We developed a light-weight decentralized distributed memory branch-and-bound 
implementation for PIPS-SBB with two degrees of parallelism:

Processing of nodes in parallel (parallel LP relaxation, parallel heuristics, parallel 
problem branching, …).
Branch and Bound in parallel.

Better parallel efficiency is achieved by focusing the parallel resources in the most 
promising nodes.

We try to reduce communication bottlenecks and achieve high processor occupancy via a 
decentralized control of the tree exploration and a lightweight mechanism for exchanging 
Branch and Bound nodes.

Superior performance to state-of-the-art commercial MIP solvers, in the context of large 
instances.
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The SCIP Optimization Suite

Matthias Miltenberger

Zuse Institute Berlin

26th February, 2015

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 1

The SCIP Optimization Suite

� toolbox for generating and solving constraint integer programs
� free for academic use, available in source code

ZIMPL
� model and generate LPs, MIPs, and MINLPs

SCIP
� MIP, MINLP and CIP solver, branch-cut-and-price framework

SoPlex
� revised primal and dual simplex algorithm

GCG
� generic branch-cut-and-price solver

UG
� framework for parallelization of MIP and MINLP solvers

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 2

Current Developers of the SCIP Optimization Suite

� Thorsten Koch
� Marc Pfetsch (TU Darmstadt)
� Gerald Gamrath
� Ambros Gleixner
� Gregor Hendel
� Stephen J. Maher
� Matthias Miltenberger
� Benjamin Müller
� Felipe Serrano
� Yuji Shinano
� Jakob Witzig
� Tobias Fischer (TU Darmstadt)
� Tristan Gally (TU Darmstadt)
� Stefan Vigerske (GAMS)
� Dieter Weninger (FAU Erlangen)
� Christian Puchert (RWTH Aachen)
� Jonas Witt (RWTH Aachen)
� Daniel Rehfeldt
� . . .

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 3
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SCIP has a modular, plugin based structure

SCIP

Primal
Heuristic

actcons
diving

clique

coef
diving

cross
over

dins

dualval

feaspump

fixand
infer

fracdiving

guided
diving

intdiving

int
shifting

linesearch
diving

local
branching

mutation

objpscost
diving

octane

oneopt

proximity
pscost
diving

rens

random
rounding

rins

rootsol
diving

rounding

shift&
prop

shifting

simple
rounding

subnlp

trivial
trysol

twoopt

under
cover

vbound

veclen
divingzi round

zero
objective

Event

Expr.
Interpr.

CppAD

Presolver

bound
shift

comp
onents convert

int

domcol

dual
infer

gate
extract

implics
intto
binary

trivial

· · ·

Reader

bnd

ccg cip

cnf

fix

fzn

gmslp

mps

opb

osil

pipppm

pbm

rlp

sol

wbo zpl

Pricer

LP

clp

cpx

grb

msk

none

qso

spx

spx2

xprs

NLP

ipopt

Relax

Constraint
Handler

abs
power

and

bivar
iate

bound
disjunc.

conjunc
tion

count
sols

cumu
lative

disjunc
tion

indi
catorintegral

knap
sack

linear

linking

logicor

non
linear

or orbi
tope

pseudo
boolean

quad
ratic

setppc

soc

sos1

sos2

super
indicator

var
bound

xor

Conflict

Tree

Branch

allfull
strong

cloud

full
strong

infer
ence

leastinf

mostinf

pscost
random

relps
cost

Node
selector

bfs

breadth
first

dfs

esti
mate

hybrid
estim

restart
dfs

uct

Propa
gator

dualfix
gen

vbound

obbt

probing

pseudo
obj

redcost

root
redcostvbound

Impli
cations

Separator

cgmip

clique

close
cuts cmir

flow
cover

gomory

implied
bounds

intobj

mcf
odd
cycle

rapid
learn

strong
cg

zero
half

Cutpool

Dialog

default

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 4

Some facts about SCIP

� general setup
� plugin based system
� default plugins handle MIPs and nonconvex MINLPs
� support for branch-and-price and custom relaxations

� documentation and guidelines
� more than 450 000 lines of C code, 20% documentation

� 30 000 assertions, 4 000 debug messages
� HowTos: plugin types, debugging, automatic testing
� 11 examples illustrating the use of SCIP
� active mailing list scip@zib.de (300 members)

� interface and usability
� user-friendly interactive shell
� interfaces to AMPL, GAMS, ZIMPL, MATLAB, Python and Java
� C++ wrapper classes
� LP solvers: CLP, CPLEX, Gurobi, MOSEK, QSopt, SoPlex, Xpress
� over 1 600 parameters and 15 emphasis settings

� about 8000 downloads per year from 100+ countries

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 5

(Some) Universities and Institutes using SCIP

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 6
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SCIP 3.1: Performance

� fastest non-commercial MIP solver
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(of 87 instances)
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CBC 2.8.10

SCIP 3.1.0 – CLP 1.15.6

SCIP 3.1.0 – SoPlex 2.0.0

SCIP 3.1.0 – Cplex 12.6.0

Xpress 7.8.0

Gurobi 6.0.0

Cplex 12.6.1

data: Hans Mittelmann
graphics: ZIB

� versionwise performance improvements
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SCIP 3.1 – SoPlex 2.0.0

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 7

History of the SCIP Optimization Suite

1996 SoPlex – Sequential obj. simPlex (R. Wunderling [now IBM])
1998 SIP – Solving Integer Programs (A. Martin [now U Erlangen])

10/2002 Beginning of SCIP development (T. Achterberg [now Gurobi])
08/2003 Chipdesign verification
10/2004 ZIMPL – Zuse Institute Math. Programming Language (T. Koch)
09/2005 First public version 0.8 of SCIP
09/2007 SCIP 1.0 release, ZIB Optimization Suite (SoPlex, SCIP, ZIMPL)
11/2008 Development of GCG started (G. Gamrath)
01/2009 Gas transport optimization
03/2009 Beginning of UG development (Y. Shinano)
09/2009 Beale-Orchard-Hays Prize (T. Achterberg)
04/2010 Supply-Chain management
12/2010 Google Research Award 2011
8/2012 Version 3.0, first releases of GCG, UG, SCIP-SDP

SCIP Optimization Suite (SoPlex, SCIP, ZIMPL, GCG, UG)
10/2014 Google Optimization uses SCIP

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 8

Siemens cooperation

Longstanding Cooperation with department
Modeling, Simulation, Optimization

� first licensee (1996) of SoPlex
� steady use in various optimization modules

placement robots in
circuit board production

optimal planning of
water networks

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 9
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Chipdesign verification

Goal: (computer-)proof, that a design is free of errors

Method: property checking using CIPs

Result:

5 10 15 20 25 35 4030

1
2 h

1 h

3
2 h

2 h

register width

tim
e

Boolean satisfiability

Constraint Integer Programming

constraints 422 152026
variables 3714 50756 Duration: 2003-2008

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 10

ug[SCIP] — the parallel version of SCIP

Some facts and results:
� shared (“FiberSCIP”) and
distributed memory version
(“ParaSCIP”)

� solves MIP and MINLP
� successful runs with up to 80.000
SCIP solvers

� solved 2 previously unsolved
MIPLIB 2003 instances

� ds: 4096 cores, about 76 hours, 3
billion nodes

� stp3d: 7186 cores, about 33
hours, 10 million nodes (optimal
solution given)

� and many MIPLIB 2010 instances

HLRN II:

MIPLIB 2003:

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 12
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Google Optimization

https://developers.google.com/optimization/docs/lp

Matthias Miltenberger (ZIB): The SCIP Optimization Suite 13
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Environment

Agent

buildingEXODUS
http://ftp.forum8.co.jp/forum8lib/pdf/EXODUS-201011.pdf

MassMotion
https://www.oasys-software.com/media/Manuals/Latest_Manuals/MassMotion.pdf
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Towards an average predicted occupant evacuation time-
curve
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2017年12月1日
防災・避難計画の数理モデルの高度化と社会実装へ向けて

藤澤 克樹

九州大学 マス・フォア・インダストリ研究所 (IMI)
産業技術総合研究所 人工知能研究センター (AIRC)

産総研・東工大 実社会ビッグデータ活用 オープンイノベーションラボラトリ
東京工業大学 学術国際情報センター

統計数理研究所 統計的機械学習研究センター
Yahoo! Japan

CPSとビッグデータ活用によるる企企業業業業業業業業業とととととととととののののののののの共共共共共共共共共同同同同同同同同同研研研研研研研研究究究究究究究究究究究ののののののののの推推推推推推推推推進

サブ分け

サブ

回路

回路

回路

回路 と回路 の関係性係性

回路 と回路 の関係性

絶対条件（共圧着）に
該当する枝 赤 には
より高い重みを与える

グラフ分割の結果は
点の色で表現

サブ分けの評価

枝生成ルールの決定

グラフ分割
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Graph500技術の応用
Twitter ネットワークの解析

フォロー・ネットワーク
ユーザ数 （点数） 41,652,230
フォロー関係（枝数）2,405,026,092

ホップ数 ユーザ数 割合 (%) 累積割合 (%)

0 1 0.00 0.00 
1 7 0.00 0.00 
2 6,188 0.01 0.01 
3 510,515 1.23 1.24 
4 29,526,508 70.89 72.13 
5 11,314,238 27.16 99.29 
6 282,456 0.68 99.97 
7 11536 0.03 100.00 
8 673 0.00 100.00 
9 68 0.00 100.00 
10 19 0.00 100.00 
11 10 0.00 100.00 
12 5 0.00 100.00 
13 2 0.00 100.00 
14 2 0.00 100.00 
15 2 0.00 100.00 

合計 41,652,230 100.00 -
0.069 秒で探索可能
⇒ 21.28 GTEPS（109 TEPS）

ユーザ 21,804,357 からの幅優先探索の結果

2009 年に取得した
フォロー数が1以上のユーザ

Graph500 ベンチマーク
幅優先探索の性能「１秒間に通過し
た枝数 TEPS」を用いて、コン
ピュータの性能を比較する

The current status of AI & Big Data in Japan
We need the triage of algorithms/data/infrastructure but we lack 
the infrastructure dedicated to AI & Big Data (c.f. Google)

ABCI
IoT Communication, 
location & other data

Petabytes of Drive
Recording Video

FA&Robots

Web access and
merchandice

Use of Massive Scale Data 
now Wasted

Investigating the Application 
of DL

深層学習処理の高度化・
高速化を模索

DL
“Chainer” OSS DL Framework
Many applications in manufacturing
web, pharma, etc.

Analysis of automotive cameras
Performance analysis & improvement of DL

Application-based Solution 
providers of ML (e.g. Pharma, 
Semiconductors)
Custom ML/DL Software

車載カメラ映像解析
深層学習高性能化高速化
に関する基礎研究

Insufficient to Counter the Giants
(Google, Microsoft, Baidu etc.)
in their own game

Massive Rise in Computing
Requirements(新技術開発)

Massive “Big” Data 
in Training 
大規模計算需要(産業界)

ABCI: AI Bridging Cloud Infrastructure
worlds first large-scale OPEN AI Infrastructure Operational Spring 2018
Top-Level SC compute & data capability (550 AI-Petaflops : FP16)
Open Public & Dedicated infrastructure for Al & Big Data Algorithms, 
Software and Applications
Platform to accelerate joint academic-industry R&D for AI in Japan
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METI AIST-AIRC ABCI
as the worlds first large-scale OPEN AI 

Infrastructure

Univ. Tokyo Kashiwa 
Campus

550 AI-Petaflops
< 3MW Power
< 1.1 Avg. PUE
Operational Spring 2018 

ABCI: AI Bridging Cloud Infrastructure
Top-Level SC compute & data capability (550 AI-Petaflops :
FP16 : 4352 NVIDIA Tesla V100 : 37PFlops DP)
Open Public & Dedicated infrastructure for Al & Big Data
Algorithms, Software and Applications
Platform to accelerate joint academic-industry R&D for AI in
Japan

The next strategy of AI & Big Data in Japan
CPS(Cyber Physical System) and Creating New Industrial Applications
Bridging Infrastructure

Algorithm Theory

Big DataComputation

AI Service 
Developers/Providers

ML/DL Framework 
Developers

Big Data Holders

Industry and 
Academia 

Common AI Platform
Common Software Modules

Common Data/Models

Startups

Launching business

Collaborative R&D

IDC Vendors
Technology transfer

Various 
AI companies

Investment for AI R&D

AI Cloud design, 
construction, and operation 

C

Common public platform 
For AI apps, services, and infrastructure designs
Aiming fast tech transfer through industry and academia collaboration

Open hardware and software architecture
w/ AI acceleration support based on commodity devices

Multi-PB-class sharable Big Data storage
For AI R&D collaboration
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ある時間内（例えば５分）の OD ペアの最速移動計算
⇒実際の移動との比較
⇒移動パターンや一時停止や出発遅延のルール発見を目指す
（機械学習等の活用）

カート仕分け開始地点

カートが多い地点：始点

カメラ位置

カメラ位置

速度制限（40％）速

他のカートと交差
するため容量制限
（20%）

他のモノの流れ

カメラ位置：トラック到着地点カート位置
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今後の研究計画：グラフ探索＆数理最適化と産業応用

に向けて，道路や電力網などのインフラを含め
た都市計画への活用から、ヒト・モノの動きの解析まで多岐にわたる課題を解決

に関する最適化やシミュレーション
Graph500 ベンチマーク５期連続世界第1位を達成したグラフ解析技術の活用

交通、災害復興、避難、ロジ
スティックス、都市計画

エネルギー、
省電力

物理、化学、生物
などの科学

医学、バイオ 経済、経営、
金融

社会システムの事前解析、デザイン及び問題解決社社

次世代スーパーコンピュータ(2017年以降)
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MIレクチャーノートシリーズ刊行にあたり

　本レクチャーノートシリーズは、文部科学省 21世紀 COEプログラム「機
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