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Construction Projects are “Rarely” On-Time/On-Budget

Wembley National Stadium
Commenced: 2002

Planned Completion:
Early 2006

Open: March 2007
Delay: 1 year
Planned Cost: £757m

~inal Cost (approx.): £1bn

Increased cost: 32%
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http://www.globalconstructionreview.com/perspectives/centurys-most-troublesome-construction-pr8oje8ct8s/

Construction Projects are “Rarely” On-Time/On-Budget

o Berlin Airport

Commenced: 2006

Planned Completion: 20171 2612 2643
Open: Oct 2020 ??7?

Delay: 9 Years

Planned cost: €2bn

Current Cost: €7bn

Increased cost: 200%

— - ——

https:/ / www.economist.com / the-economist-explains /
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https://www.economist.com/the-economist-explains/2017/01/25/why-berlins-new-airport-keeps-missing-its-opening-date

.and Many More

Major Projects That Went Catastrophically Over-Budget

Selected over-budget construction projects worldwide (billion U.S. dollars)®

B rianned [ Current/Final
$ Over Budget

International Space Station D 000000 0 0 0 0 | $68.25bn
Sochi Olympics w [ GGG $39.00bn
The Channel Tunnel Z§'y |EENIEGEG $21.10bn

Three Gorges Dam il |IIEGNG $16.18bn

Boston's Big Dig 2= I $13.45bn

London Olympics Si& [N $11.91bn

Athens Olympics (= Il $6.99bn

Jubilee Line Extension Six il $4.11bn
Hubble Space Telescope 2E || $3.80bn
Denver International Airport k3 |I $3.10bn
Montreal Olympic Stadium I« |} $2.96bn
Brazil World Cup il $2.50bn

0 20bn 40bn 60bn 80bn 100bn 120bn

@ ® @ * Converted to U.S. dollars and adjusted for inflation. .
@statistaCharts Source: Podio.com StatISta 5
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What are the challenges

Coordination
Between SMEs
With the Supply Chain

# Manufacturing

# Admin Proc.
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What are the challenges

e Coordination
o Between SMEs
» With the Supply Chain

e Low Standardisation

» Each project is one of a kind

o SMEs Consortium

» Technically



What are the challenges

e Coordination
o Between SMEs
» With the Supply Chain

e Low Standardisation

» Each project is one of a kind

e Imponderabilities O
» E.g., weather conditions,

changing requirements

Strategy:

 Unavoidable

» Reduce effect

e Support Flexibility
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Current Approach

onstruction - St. Louis Villa s z
Project Lead: Adam Smith Sep-16  [w40] Oct-16  [W41] Oct-16  [W42] Oct-16  [W43] Oct-16  [1A44] Oct-16  [1W45] I
Budget: Estimated: $125,000| Baseline: $100,000| Cost: Estimated: $107.000| Baseline: $17.000| Actusl 16,200 2627 2829/30/1 |2 3 4 5 6 7 8 9 10111213 14 1516 17 181920 21 22 23|24 25 2627281293031 1 2 3 4 5 6
i (e e R Finish — Days % | Ll 1 f s s (ml 7wl fls s mlT T els|s|mitwlt|rls BRmltiwlt|e|s|s mlr|w/tels
Names
1 Architectural Design Adam 09/26/16 10/03/16 8 100% 4$2E00mmmmm——")
1.1 Create draft of architecture Adam 09/26/16 09/28/16 3 100% $2,300
1.1.1 Prepare construction documents  Matthew 09/26/16 09/28/16 3 100% $2,300
1.2 Agreement to architectural plan Adam 09/30/16 10/03/16 4 100% ]
] Sign agreement with Client Adam 10/05/16 10/05/16 1 - 0
2 Construction Phase Adam 10/07/16 10/31/16 25 33% S ¢$77700
21 Foundation Adrian 10/07 /16 10/13/16 7 100% “$16700
211 Excavation Adrian 10/07/16 10/10/16 4 100% $10,000
212 Pour concrete Danny 10/11/16 10/13/16 3 100% | $3500
213 Level concrete Danny 10/11/16 10/13/16 3 100% $3,200
2.2 Ground Hoor Gary 10/14/16 10/21/16 8 0% S $26000
221 Walls to 1st Floor Gary 10/14/16 10/16/16 3 0% $ 16,000
222 Roof Structure Gary 10/18/16 10/21/16 4 0% - $10,000
23 1st Aoor Toby 10/22/16 10/31/16 10 0% % 35,000
231 Walls to Terrace Toby 10/22/16 10/25/16 4 0% % 15,000
2.3.2 Roof Structure Toby 10/28/16  10/31/16 4 0% | $20,000
3 Decoration Phase Adam 10/19/16 11/04/16 17 0% $ 27,000
31 Walls Gary 11/01/16 11/04/16 4 0% $ 3,000
3.2 Furniture Sara 10/28/16  10/30/16 3 0% 28600
3.3 Final Touches Sara 10/19/16 10/23/16 5 0% [ $4000
] Move in with Family Susan 11/06/16 11/06/16 1 - ‘

Tune here o 0dd o new ock

o Execution Process Management: Gantt Charts
» Defined by the Project Manager
» Tools: MS Project / MS Excel
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Gantt Charts: Pros

onstruction - St. Louis Villa s z
Project Lead: Adam Smith Sep-16  [w40] Oct-16  [W41] Oct-16  [W42] Oct-16  [W43] Oct-16  [1A44] Oct-16  [1W45] I
Budget: Estimated: $125,000| Baseline: $100,000| Cost: Estimated: $107,000| Baseline: $17,000| Actusl: $16,200  26/27 28/29/30(1 (2|3 4 |5 6 7 8 9 1011121314 1516 17 1819 20 21 22 23 24 25 26/27 28(29.30(31 /1 (2 3 4 5 6
i (e e R Finish — Days % | Ll 1 f s s (ml 7wl fls s mlT T els|s|mitwlt|rls BRmltiwlt|e|s|s mlr|w/tels
Names
1 Architectural Design Adam 09/26/16 10/03/16 8 100% 4$2E00mmmmm——")
1.1 Create draft of architecture Adam 09/26/16 09/28/16 3 100% $2,300
1.1.1 Prepare construction documents  Matthew 09/26/16 09/28/16 3 100% $2,300
1.2 Agreement to architectural plan Adam 09/30/16 10/03/16 4 100% ]
] Sign agreement with Client Adam 10/05/16 10/05/16 1 - 0
2 Construction Phase Adam 10/07/16 10/31/16 25 33% S ¢$77700
21 Foundation Adrian 10/07/16 10/13/16 7 100% “$16700
211 Excavation Adrian 10/07/16 10/10/16 4 100% $10,000
212 Pour concrete Danny 10/11/16 10/13/16 3 100% ~ $3500
213 Level concrete Danny 10/11/16 10/13/16 3 100% $3,200
2.2 Ground Hoor Gary 10/14/16 10/21/16 8 0% S $26000
221 Walls to 1st Floor Gary 10/14/16 10/16/16 3 0% $ 16,000
222 Roof Structure Gary 10/18/16 10/21/16 4 0% - $10,000
23 1st Aoor Toby 10/22/16 10/31/16 10 0% % 35,000
231 Walls to Terrace Toby 10/22/16 10/25/16 4 0% % 15,000
2.3.2 Roof Structure Toby 10/28/16  10/31/16 4 0% | $20,000
3 Decoration Phase Adam 10/19/16 11/04/16 17 0% $ 27,000
31 Walls Gary 11/01/16 11/04/16 4 0% $ 3,000
3.2 Furniture Sara 10/28/16  10/30/16 3 0% 28600
3.3 Final Touches Sara 10/19/16 10/23/16 5 0% [ $4000
] Move in with Family Susan 11/06/16 11/06/16 1 - ‘

Tune here ¥n ndd o new kack

e

For the entire duration of the project

Show alternation of companies on-site

Show milestones

Support communication with the customer
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Gantt Charts: Cons

onstruction - St. Louis Villa s z
Project Lead: Adam Smith Sep-16  [w40] Oct-16  [W41] Oct-16  [W42] Oct-16  [W43] Oct-16  [1A44] Oct-16  [1W45] I
Budget: Estimated: $125,000| Baseline: $100,000| Cost: Estimated: $107,000| Baseline: $17,000| Actusl: $16,200  26/27 28/29/30(1 (2|3 4 |5 6 7 8 9 1011121314 1516 17 1819 20 21 22 23 24 25 26/27 28(29.30(31 /1 (2 3 4 5 6
i (e e R Finish — Days % | Ll 1 f s s (ml 7wl fls s mlT T els|s|mitwlt|rls BRmltiwlt|e|s|s mlr|w/tels
Names
1 Architectural Design Adam 09/26/16 10/03/16 8 100% 4$2E00mmmmm——")
1.1 Create draft of architecture Adam 09/26/16 09/28/16 3 100% $2,300
1.1.1 Prepare construction documents  Matthew 09/26/16 09/28/16 3 100% $2,300
1.2 Agreement to architectural plan Adam 09/30/16 10/03/16 4 100% ]
] Sign agreement with Client Adam 10/05/16 10/05/16 1 - 0
2 Construction Phase Adam 10/07/16 10/31/16 25 33% S ¢$77700
21 Foundation Adrian 10/07/16 10/13/16 7 100% “$16700
211 Excavation Adrian 10/07/16 10/10/16 4 100% $10,000
212 Pour concrete Danny 10/11/16 10/13/16 3 100% ~ $3500
213 Level concrete Danny 10/11/16 10/13/16 3 100% $3,200
2.2 Ground Hoor Gary 10/14/16 10/21/16 8 0% S $26000
221 Walls to 1st Floor Gary 10/14/16 10/16/16 3 0% $ 16,000
222 Roof Structure Gary 10/18/16 10/21/16 4 0% - $10,000
23 1st Aoor Toby 10/22/16 10/31/16 10 0% % 35,000
231 Walls to Terrace Toby 10/22/16 10/25/16 4 0% % 15,000
2.3.2 Roof Structure Toby 10/28/16  10/31/16 4 0% | $20,000
3 Decoration Phase Adam 10/19/16 11/04/16 17 0% $ 27,000
31 Walls Gary 11/01/16 11/04/16 4 0% $ 3,000
3.2 Furniture Sara 10/28/16  10/30/16 3 0% 28600
3.3 Final Touches Sara 10/19/16 10/23/16 5 0% [ $4000
] Move in with Family Susan 11/06/16 11/06/16 1 - ‘
Tune here bn add o new task
T —————— o

General purpose: no proper abstractions (e.g., Locations, Precedences
Difficult to update
Not detailed for a daily / weekly schedule

They already represent a (long-term) commitment
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& Uction - St. Louls v
Sroject Lead: Adam Smith
Budget: Estimated: $125,000] Baselne: $100,000 | Cost: Estmated: $107,000] Baselne:
WS Task Name Resource start
Names.
1 Architectural Design Adam 09/26/16
11 Create draft of architecture Adam 09/26/16
111 Prepare construction documents  Matthew 03/26/16
12 Agreementto architectural plan  Adam 03/30/16
M Signgreementwith Client Adam 10/05/16
2 Construction Phase Adam 10/07/16
21 Foundation Adrian 10/07/16
211 Excavation Adrian 10/07/16
212 Pour concrete Danny 10/11/16
213 Level concrete Danny 10/11/16
22 Ground Foor Gary 10/13/16
221 Wallsto1stFloor Gary 10/14/16
222 Roof Structure Gary 10/18/16
23 st Aoor Toby 10/22/16
231 wallstoTerrace Toby 10/22/16
232 Roof Structure Toby 10/26/16
3 Decoration Phase Adam 10/19/16
31 walls Gary 11/01/16
32 Furniture sars 10/28/16
33 Final Touches sara 10/19/16
M Movein with Family Susan 11/06/16

Management with Gantt Charts

$17.0001 Actusk $16.200
Finish  Days %
10/03/16 8 100%
09/28/16 3 100%
03/28/16 3 100%
10/03/16 4 100%
10/05/16 1

10/31/16 25 33%
10/13/16 7 100%
1071016 4 100%
10/13/16 3 100%
10/13/16 3 100%
102116 8 0%
1071616 3 0%
10/21/16 4 0%
10/31/16 10 0%
10/25/16 4 0%
w0/3116 4 0%
11/08/16 17 0%
/0416 4 0%
10/30/16 3 0%
10/23/16 5 0%
11/06/16 1

Sep-l6  [W40]  Oct-16 [Wal]  Octls [W42]  Octls [W43]  Octls [W44]  Octls ||
26272812330(1 2 3 4 5 6|7 8 9 101112113114 151617 18119 20 2122 23/24 (25 26/27 28 293031 1 2 3]

w7 e[| o] e |7 e < v [w| [ ] s ] o] < [ |w u[r]w

4828000
$2300
$2300
I
*
csmmgoo
$15700
$10,000
53500
$3200
$26000
$15000
10000
335000
315,000
['s20000
$27,000
$3.004
§200500
['sa000

e —

e There is no clear definition of the process requirements:

Single point of failure: PM / Foreman

» Alternative plans? Optimisation? Automation?

oYl of = i =aY~d AUTONOME | PROVINCIA
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211
212
213

221
222

231
232

31

33

Management with Gantt Charts

darm Smith

ved: $125,000 | Bassline: $100,000] Cost: Estimated: $107.000 Bassline
Task Name Resource start
Names.
Architectural D Adam 09/26/16
Greate draft of architecture Adam 09/26/16
Prepare construction documents  Matthew 03/26/16
Agreementto architectural plan  Adam 03/30/16
Sign agreementwith Client Adam 10/05/16
Construction Phase Adam 10/07/16
Foundation Adrian 10/07/16
Excavation Adrian 10/07/16
Pour concrete Danny 10/11/16
Level concrete Danny 10/11/16
Ground Hoor Gary 10/13/16
walls to 15t Floor Gary 10/14/16
Roof Structure Gary 10/18/16
15t Aoor Toby 10/22/16
walls toTerrace Toby 10/22/16
Roof Structure Toby 10/26/16
Decoration Phase Adam 10/19/16
walls Gary 11/01/16
Furniture sars 10/28/16
Final Touches sara 10/19/16
Move in with Family susan 11/06/16

$17,000] Actus

ish.

10/03/16
09/28/16
03/28/16
10/03/16
10/05/16
10/31/16
10/13/16
10/10/16
10/13/16
10/13/16
10/21/16
10/16/16
10/21/16
10/31/16
10/25/16
10/31/16
11/08/16
11/04/16
10/30/16
10/23/16
11/06/16

Days

8
3
3
a
1
25
7
a
3
3
8
3
4

$16,200

%

100%
100%
100%
100%

Sep-l6  [W40]  Oct-16 [Wal]  Octls [W42]  Octls [W43]  Octls [W44]  Octls ||
26272812330(1 2 3 4 5 6|7 8 9 101112113114 151617 18119 20 2122 23/24 (25 26/27 28 293031 1 2 3]

| w7 s o o ][ s Qw7 [w| [ s ] o

4828000
$2300
$2300
I
*
csmmgoo
$15700
$10,000
53500
$3200
$26000
$15000
10000
335000
315,000
['s20000
$27,000
$3.004
§200500
['sa000

e —

Dali

ly / Weekly schedule defined “on the fly”

No sh

ort- and medium-term planning

ynch with supply chain and between companies

-~ [ of = i g =aY~d AUTONOME PROVINCIA
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Management with Gantt Charts

Construction - St. LOUIS v
Project Lead: Adam Smith Sep-16  [W40]  Octls [W4l]  Octls (W42l  Octls (W43l  Octls  [W4l  Octls |
Budget: Estimated: $125.000| Baseline: $100,000] Cost: Estimated: 107,000 Baseiine: $17.000] Actual $16.200 |26/27(28/28/30 1 |2 |34 |56 |7 |8 |9 10/11/12(13/14/15 16/17 18/19 20|21 22/23 24|25 |26 27 28 28 /30 31| 1 |2 | 3}
WBS  Task Name Resource Start mish — Days %l e s sl T e wltlwl T H,\ rlwlt ] alt lw
Names
1 Architectural Design Adam 09/26/16  10/03/16 8 100% < oEOOmm—)
14 Create draft of architecture Adam 09/26/16  09/28/16 3 100% <$2300
111 Prepare construction documents  Matthew 03/26/16  09/28/16 3 100% | §2300
12 Agreementtoarchitectural plan  Adam 03/30/16  10/03/16 4 100% —
M Signagreementwith Client Adam 10/05/16  10/05/16 1 - *
2 Construction Phase Adam 10/07/16  10/31/16 25 33% L$7PT00
21 Foundation Adrian 10/07/16  10/13/16 7 100% $16,700
211 Excavation Adrian 10/07/16  10/10/16 4 100% $10,000
212 Pour concrete Danny 1071116 10/13/16 3 100% §5500
213 Level concrete Danny 10/11/16  10/13/16 3 100% $3200
22 Ground Hoor Gary 10/14/16  10/21/16 8 0% $26,000
221 Wallsto 1stFloor Gary 10/13/16  10/16/16 3 0% $16,000
222 Roof Structure Gary 10/18/16  10/21/16 4 0% © $10000
23 1stAoor Toby 10/22/16  10/31/16 10 0% 335000
231 wallstoTerrace Toby 102216 1072506 4 0% 315,000
232 Roof Structure Toby 10/28/16  10/31/16 4 0% " s20000]
3 Decoration Phase Adam 10/19/16  11/03/16 17 0% $27,000
31 walls Gary 10116 11/04/16 4 0% $3,00f
32 Furniture sara 10/28/16  10/30/16 3 0% §20000
33 Final Touches sara 10/19/16  10/23/16 5 0% sago0
1

M Movein with Family Susan 11/06/16  11/06/16

e —

Do not support report on the actual progress

* Progress estimated based on indirect measures

e Are used for tendering purposes only (no updates
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COCKPIT

o« COCKPIT
Collaborative Construction Process Management

» Applied research project

» European Regional Development Fund
(ERDF -EFRE - FESR1008) of the
Autonomous Province of Bolzano-South Tyrol

o~ T = o o B o
CIlIC 1CS
- | * *
* *
* 4 *
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I HMATZWANGER

Interior

« Environmental engineering
« Water technology

« Energy engineering

» Building services

Companies

FRENER
REIFER

FASSADEN

Envelope
e Engineering
o Production

o Installation of facades

N r";‘r”' £ eV * X %
CIHICS 1S5 B
Sudtirol - Alto Adige A

Europdischer Fonds fUr regionale Entwicklung
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Skeleton

Competences as
bricklayers, carpenters
and metalworkers

Acting also as General
Contractors
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COCKPIT: What is it?

» Objective:
Improve Execution Process Management in Construction by

o Developing Methodologies

e Increasing Digitalisation

efre-fesr
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COCKPIT: What is it?

» Objective:
Improve Execution Process Management in Construction by

o Developing Methodologies
e Increasing Digitalisation
« This would allow:
» reduce delays
» reduce cost overruns
» better synchronisation with the supply chain

» better usage of the resources

efre-fesr

Sudtirol - Alto Adige
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How To Do That

( Modeling \
auEna [« [7]r[r])]
L= |
R S
BEEEREES
4 o )
Monitoring Planning

AUTONOME ‘ PROVINCIA
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Topic of Today: Modelling

« Objective: Explicit representation of the process requirements
No more single point of failure
|dentification of alternative plans
Automation / Optimisation

Flexibility in handling imponderabilities

efre-fesr

Sudtirol - Alto Adige
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Topic of Today: Modelling

« Objective: Explicit representation of the process requirements
No more single point of failure
|dentification of alternative plans
Automation / Optimisation
Flexibility in handling imponderabilities
e Requirements:
« Proper abstractions

« Formal approach

efre-fesr

Sudtirol - Alto Adige
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First Approach

Expansion of the
Bolzano Hospital

Modeling
» Decoupled from scheduling

o Define What and Where
(not yet when)

» Collaborative modelling

74




First Approach

» Expansion of the
Bolzano Hospital

» Modeling
» Decoupled from scheduling

o Define What and Where
(not yet when)

» Collaborative modelling
» Scheduling

o Define How and When

22




Bolzano Hospital
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Elements in the model

o Tasks

What: Activity
Who: Craft

Where: Locations

How long: Productivity

Notes

Actiyity,

2 5 FL

LF - Lay Floor

T1|T2]| *

efre-fesr

Sudtirol - Alto Adige

* *
* 4 *
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Elements in the model

o Tasks
o What: Activity T 1= 1T
e Who: Craft LF - Lay Floor PW - Put Window

e Where: Locations

» How long: Productivity =] | ] | |

* Notes
» Synchronisation
» Declarative precedences
eire-fesi

Sudtirol - Alto Adige
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Hidden Knowledge and Ambiguities

e Orderings
among the locations
(bottom to top, top to bottom)

2 5 C

Clean

Top to bottom

N f";‘!’"' r‘/‘;‘ ~ o *
eiie -1esSi
* *

* 4 *
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Hidden Knowledge and Ambiguities

e Orderings
among the locations

#184 2 I 5 FL #185 2 I 5 I FL
(bottom to top, top to bottom) — . |
LF - Lay Floor PW - Put Window

Proceed by floor
» Precedence Scope

(floor, activity, building) =[] | - |

-~ [ % % =
CSIe  1SJ5i
* *
* 4 *
oooooooooooooooooooooooooooooooooooooooo
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Hidden Knowledge and Ambiguities

e Orderings
among the locations
(bottom to top, top to bottom)

.

IC - Inst. Scaffolding

s | 1 | ¢
CP - Conc. Pouring

Floor by floor Floor by floor

» Precedence Scope —_
(floor, activity, building) T |

 How to perform Loops

P Ty = o oY W
| [ ]
CSIe  1SJ5i
* *
* p K
oooooooooooooooooooooooooooooooooooooooo
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Topic of Today: Modelling

» Objective: Drocess requirements

No r

CoPMod: Construction Process Modeling

 We extended the language
(inspired by Declare)

| » Provide a logic-based (LTLf) semantics

e Forma

cie - -1esi
Sudtirol - Alto Adige

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\




Customisable Building Representation

/ Building \

Sector B1
Sector B2
4ctor B Level fO
Level f1 2
_____________ Bath : :Room3
PRl et
Level fO Level fO ROoom,
__________________________ : :Room 2
Room4' '~
\ Level ul Level ul ' ' Room 1 /

efre-fesr IR

Sudtirol - Alto Adige A

Europdischer Fonds fUr regionale Entwicklung
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Customisable Building Representation

/

Building
Sector B1
B
Level f1 Scror
Level fO Level fO
Level ul Level ul

Sector B2
Level fO

I
Bath | (Room3
Room |

\

D1

Sector

| )
{ -
| J
IF

Section
(sn)

Unit

Attribute Hierarchy

o

efre-fesr

Sudtirol - Alto Adige

Europdischer Fonds fUr regionale Entwicklung
Fondo europeo di sviluppo regiona

S

s e

B1, B2

rb,c,e

1,2,3,4

ul,fo,fl
(ul<f0<f1)

S |

Domain Values

AUTONOME f PROVINCIA
PROVINZ AUTONOMA
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Customisable Building Representation

/

\

Building
Sector B1
Sector B2
Level f1 ectone Leyelr
““““““““ Bath : :Room3
Level fO Level fO Room | ==~~~
____________________________ : :Roomz
\ Level ul Level ul R°°m4i E_R;o_m_l_
B < G
Bl B2
~—— N
= 2 2 = 2
ul fo fl ul f0
~ ~—~
o ok B
r b r
I \l/ s S
/%\ A~ /X/\I%\
et 1 ey
N NN I e N i e
Locations

Sector
(sr)

=)
umvel]
| J
I

Section
(sn)

Unit

ttrlbute Hierarchy

eire-fesr
Sudhrol Alto Adlge
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B1, B2

ul,fo,fl
(ul<f0<f1)

l

rb,c,e

ANy eEm) ey e

U’ $4GEIENEEY 2 Ty

Domain Values
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Representation of Locations

» A building is abstractly
represented as a tree

e Locations in the tasks
are subtrees

#113

<B1,f1,r,*>

1x2 | 60d | FL

LF - Lay Floor

<: NONE |ex: srl

B1|B2(B2

f11f0|fO

blr|b

<B1,f1,b,*> 51B
Q) 1
ejr
1 * * * *
‘U iro ige

33




Ordering Constraints

o Attribute domain values
can be ordered

e Ascending and descending ey 1x1 | 20d | Sc
ordering constraints S| - Scaffolding

Installation

<: It ex: UNIT
B1B1|B2
fO|f1|f0

=1 r}wr P r‘/‘;‘ e N r
CHe - 1eJ5i
Sudtirol - Alto Adige

* *
* 4 *
Europdischer Fonds fUr regionale Entwicklung
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Exclusivity Constraints

 Once the task is started,
no other task can be
performed there

AR 1x6 | 10d | Di

» By default: |
exclusivity at the unit level Ex - Excavation

<: NONE |ex: sr
B1|B2
ulluf

CIIC 1S5
SUgHiroI - Alto Adige
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Precedences

AEY@ 1x1 | 20d | Sc ALY 1x6 | 18d | Br
S| - Scaffoldi :
Inst%?l afc)ior:ng C - Concrete Pouring
>
<: I ex: UNIT <: 1 ex: UNIT
B1|B1B2 B1|B1/B1/B2|B2
fo|f1|fO ul({fo|f1 |u1(fo

» Precedences between activities

eire -1esi
Sijq#irol - Alto Adige
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Precedences: Scope

Akl 1x1 | 20d | Sc ALY 1x6 | 18d | Br
| - ffoldi :
S Ingtzzlilafc)ior:ng @ g C - Concrete Pouring
<: I ex: UNIT <: I ex: UNIT
B1|B1|B2 B1|B1|B1B2|B2
fo(f1|f0 ul(fO|f1|ul|fO

» The Scope specialises the precedence
(e.g., precedence by <sector, level>)

o By default: Activity level

cire -1esi
SUQtiroI - Alto Adige
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Precedences: Alternate Precedence

AEYM 1x1 | 20d | Sc AN 1x6 | 18d | Br
= |'n§t(:|i|gf[)ig:ng sr, | C - Concrete Pouring
— -
<: I ex: UNIT <: I ex: UNIT
B1|B1|B2 B1/B1/B1|B2|B2
fO|f1|fO ul|fO[f1 (ul1|fO

» Alternation between antecedent and consequent:
» antecedent before consequent
e and the antecedent has to wait for the consequent

Ry, TeH s | P _ Y A
= (] * *
CIC TCS!
* *
e * 4 *
oooooooooooooooooooooooooooooooooooooooo
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Precedences: Chain Precedence

a8 1x6 | 10d | Di cAEXY 1x1 | 2d | SE
Ex - Excavation Sr SA - Secure Area
>
<: NONE |ex: sr <: NONE |ex: sr
B1|B2 B1/B1/B2|B2
ulut ul|fO(ul1|fO

 Chain between two activities:

e no other activities can be performed in-between

Ry, TeH s | P _ Y A
= (] * *
CIC TCS!
* *
* p K
oooooooooooooooooooooooooooooooooooooooo
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Does my model make sense?

1x1

A-A

#165

1x1

B-B

<: NONE Jex: UNIT

<: NONE |Jex: UNIT

B1

#166 kg

C-C

<: NONE Jex: UNIT
B1
3

40

a2y = - Ll T aYd, AUTONOME PROVINCIA
“4I l l e Ie). PROVINZ AUTONOMA
BOZEN | / DIBOLZANO
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Does my model make sense?

#164 BT #165 [KBX #166 [KBX
A-A B-B C-C
—> —
<: NONE |ex: UNIT <: NONE |ex: UNIT <: NONE |ex:
B1|B1 B1 B1
112 3 3

T

 |s there an execution satisfying all the constraints?
Satisfiability Check

41



Satisfiability Check

B-B
<: NONE |ex:GLOBAL
#173 % >
IB1
A-A 1
<: NONE |ex:GLOBAL #175 BES!
IB1(B1
1]2 > C-C
<: NONE |ex:GLOBAL
IB1
2

» Is checking for loops enough to determine Satisfiability?

A AUTONOME s x| PROVINCIA
PROVINZ | AUTONOMA
s BozeN J/WU'/ piBoLzANO
SUDTIROL

cire -1esi
SUQtiroI - Alto Adige

oooooooooooooooooooooooooooooooooooooooo
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Satisfiability Check

B-B

<: NONE |ex:GLOBAL

#173 Bk} >

B
A-A 1

<: NONE [ex:GLOBAL #175 [EEX

[B1[B1

1]2 > C-C

<: NONE |ex:GLOBAL
IB1
2

» Is checking for loops enough to determine Satisfiability?
e No,

o Consider also the dependencies, scopes and locations

cire -1esi
SUQtiroI - Alto Adige
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How to Check Satisfiability?

o Our model has a logic based semantics (LTLf)
« We can apply model checking techniques

» We performed some experiments using NuSMV
(state-of-the-art model checker)

4



How to Check Satisfiability?

Model Tasks

Sat. 8 9 27 2min 35s

efre-fesr BB
[ ] * *
* *
* *
* 5 *
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Other Way to Check Satisfiability?

» Translate a Diagram into a Task-Unit (TU) Graph

1x1 #165 % #166 [EB%

A-A B-B Cc-C
g —>>
<: NONE |ex: UNIT <: NONE |ex: UNIT <: NONE |ex: UNIT
IB1|B1 |IB1 IB1
3 3

———

<B, B1-3> @

N
—

AUTONOME PROVINCIA
eire-resr s
BOZEN JJ/MY\Y/ DIBOLZANO

SUDTIROL “=~ ALTO ADIGE

Sudtirol - Alto Adige A

Europdischer Fonds fUr regionale Entwicklung
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Other Way to Check Satisfiability?

» Translate a Diagram into a Task-Unit (TU) Graph

o Translate the precedences into arrows between TU nodes

Tx1 1x1 #166 JEEX
A-A B-B C-C
| —P>

<: NONE |ex: UNIT <: NONE [ex: UNIT <: NONE [ex: UNIT
IB1|B1 IB1 IB1

112 3 3

i —
(oo
« / i r}’i",,r £ r\/‘;‘ e r
CSIe - 1eJ5i

Sudtirol - Alto Adige

* *
* 4 *
Europdischer Fonds fUr regionale Entwicklung
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Other Way to Check Satisfiability?

» Translate a Diagram into a Task-Unit (TU) Graph
o Translate the precedences into arrows between TU nodes

» Check for loops

Tx1 Tx1 #166 EEX
A-A B-B Cc-C
g —>>
<: NONE |ex: UNIT <: NONE |ex: UNIT <: NONE |ex: UNIT
IB1|B1 |IB1 IB1
12 3 3




Disjunction in the TU Graph

e Some constraints introduce disjunction

» One has to check possible orientations

177 R

B-B

<: NONE Iex:GLOBAL

|B1
1

175 REGH

C-C

<: NONE [ex: UNIT

o]
A-A
<: NONE |ex:GLOBAL
IB1|B1
112
&l
2
L e —

T T
eire-1esi

Sudtirol - Alto Adige

* *
* 4 *
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Algorithm at a Glance

e Check for Cycles

» Cycles: If the graph contains a cycle then is not orientable

efre-fesr IR
[ ] * *
* *
* *
* x X
oooooooooooooooooooooooooooooooooooooooo
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Algorithm at a Glance

e Check for Cycles

» Cycles: If the graph contains a cycle then is not orientable
e Deterministic Orientation

» Direct the undirected edges for which
only one orientation is possible

?@\B\%iﬁ - Eig oY <d d e L RN
(=
e é g i x %

Sudtirol - Alto Adige
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Algorithm at a Glance

e Check for Cycles
» Cycles: If the graph contains a cycle then is not orientable
e Deterministic Orientation

» Direct the undirected edges for which
only one orientation is possible

o Divide&Conquer
» Partition the graph so that:
» orientability can be checked for each subgraph

» by trying all orientations

=N r‘( ; ~ gy J/‘; . B> B * X %
eire -1esi
Sudtirol - Alto Adige
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Satisfiability Check

Tasks Dep. ' Loc. ‘Nodes ~Arcs  Edges NuSMV = US

8 9 312 236 9415 524 |2min 35s| 27 ms
8 9 312 236 10003 52| >1h 5 ms
efre-fesr

Sudtirol - Alto Adige

* *
* 5 *
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Satisfiability Check

Tasks = Dep:

Nodes

Arcs  Edges ' NuSMV.' = US

8 9 312
8 9 312
312
b T
(2)
B2
B e

236

236

244

424

54

9415 524 |2min 3bs| 27 ms

10003 521 >1h 5 ms

9435 574 >1h 10 ms

Lo ksl 740 >1h 23 ms

efre-fesr

Sudtirol - Alto Adige

Europdischer Fonds fUr regionale Entwicklung
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BRI

Satisfiability Check

Model

DAt

INON=sat:

Bileuciy

Tasks

480

720

960

Dep.

291

2926

4,187

16,960

25,440

59,920
55

1,436,759

5,082,925

3.2 406

678,680

1,526,820

2,714,160

55,866 ms
(~1 min)

379,409 ms
(~6.32 min)

OOM



Summary

« CoPMod: Constuction Process Modelling Language

o Graphical

o Declarative: captures process requirements
(what and not how)

o Formal
» Effective algorithm to check satisfiability

» proof-of-concept tool @copmod.inf.unibz.it

on r[ Lo = om A v e
eire-1esr g
- l )I : : PR EoZEN
* 4 * SUDTIROL
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http://copmod.inf.unibz.it

Future Work

efre fesr

Sudhrol Alio Adlge
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Collaboratlve Construction Project managemenT

Integrate Automatic Schedule:

» Modeling

» Automated Scheduling L }

» Monitoring/Analysis

efre -fesr
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