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What is this presentation about?

«AQUATOR: (OXSCISOFT)

dQWater supply system simulation software
dIn use by several UK water companies

eGenetic Algorithms (GA): (University of Exeter-CWS)

dGenetic Algorithms software for optimisation
(generic software )

eProject Objective: Linking and integrating GA and
AQUATOR, applying them for the optimisation of single and
multiple reservoir systems >AquatorGA

3 case studies (2 single + 1 multiple
reservoirs) >
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History of the project

eSingle reservoir system optimisation project with UU

dPresented at the previous annual meeting
(September Stirling 2008)

dDecember 2008-Completed
dSuccessful
dAquatorGA installed at UU (2 test case studies)

eSince then

d Moving to multiple reservoir systems
dScottish Method for Deployable Output added
d Fife system (3 reservoirs)

d To be presented today...
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Inflow
Daily time
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Outflow
| Demand time series
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control X (cut back yield)

curve

Ci ) i=1 ..12




Single reservoir system

; Ouput time
Input time series M ﬁ{'.?l?le (H: | series:
(daily) J onEYeontol | | Demand OR
C.  i=1.12 X (cut back
i’ d yield)

eSingle reservoir

*No spills /No energy costs taken into account (gravity fed)
eTarget: Maximising yield (water volume) AND No deficits
eDecision variables (Unknowns): X and C, i=1,12

eInitial optimal solution given by UU
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Single reservoir system

; Ouput time
Input time series M ﬁ{'.?l?le (%l%:rol series:
(daily) , onty e o Demand OR
C.  i=1.12 X (cut back
i’ d yield)

eControl curve (monthly) C, , i=1,12

e Ci % of max water volume (reservoir capacity)
o If storage > Ci > Outflow= Demand

o If storage < Ci = Outflow= X (cutback yield)

o If storage < minimum - deficit (To be avoided)
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Genetic Algorithms (GA)

eOptimisation method suitable
eFor “hard” problems (non-linear/discrete/non convex)
eFor “difficult” decision variables
eFor “strange” constraints
eFor discrete search space/variables
eFor one (single) or more (multi-) objective problems
eDirected random search

eBased on Darwinian evolution principles (“Survival of the
fittest”)

eSolutions can be reproduced (repeatable)




Optimising using Genetic Algorithms

eDecision variables (unknowns): (Multiple control curves
now possible)

»X (cutback yield)

»Ci, i=1,12 (monthly control curve components)

eTotal: 13 unknowns = string of 13 decision variables for 1
control curve

¢13*2=26 unknowns = string of 26 decision variables for 2
control curves, ...3*13=39 for 3 control curves....

eAll in one step!

*AND being able to include desirable shape constraints...
*AQUATOR (simulator) treated as “black box”
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Objectives for the shape of the
control curve

eSmooth curve

eMagnitude of change in consecutive months > DC

e Objective: minimising DC

*OR

o"Steady” curve

eNumber of changes in a year> significant step 2> NC

e Objective: minimising NC
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Multi-objective GA for single reservoir

system
»0Objective function (1): max V (Yield/total Water Volume

supplied water over the simulation period)
»AND

»0Objective function (2): min NC (number of changes in
the control curve in a year)

»OR

»0Objective function (3): min DC (magnitude of changes in
the control curve for consecutive months)

»Constraints: No supply deficits (SD=0) / failures (NF=0),
limits to the number of changes in a year, control curve
discretisation step... (any other)

»No single winner: Multiple optimal solutions

eTrade-off curve of non-inferior solutions (Pareto points)
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GENETIC

ALGORITHM

Implementation Structure

MNext generation
of N decizion
variables

@ = =

Random initial set
of N solutions

l

Selection,
Crossover
& Mutation
Multiohjective
Result Ranking
(GA)
Mo Last

generation?

| Current set of N solutions |

J=1

variables of solutig

AQUATOR @

Substitute the current
decision variahle
values into
the model data

Water system

Si

Send decision f

J to AQUATOR

—

Get hydraulic reslts

of solution J

Time

consuming!!!

from AQUATOR

l

Evaluate the

ohjective functions

Trade-off curve of aptimal

Transfer current set of
solutions and ohjective

function values to the GA

non-dominated solutions

MULTIOBJECTIVE GA

Display trade-off curve

and optimal solutions

| EXCEL add-in

/ Hydraulic results

| \

AQUATOR (Simulator)

Called to run for each
string (potential
solution) at every
generation
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AquatorGA
Problem:

e Runtime needed (thousands of generations/AQUATOR
simulations) > distribution to computers in parallel

AND Reducing the time by

e Critical period concept

e Optimising for a short critical period
e Validating for full period
e Improving the GA ...
e Improving the algorithm
e Larger population (100-250)
e ‘Near optimal’ results in 150-300 generations (instead
of 3000) in under 1 hour for a single reservoir system

13



Distributed computing for AquatorG
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and the optimisation

|

/ Aquator Master “\ /AquatorGA Master\

Configures Optimization

|
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Returns Results
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|
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|t
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Return Result
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AgquatorGA - Integration

e GA Optimisation developed as add-in to AQUATOR
e Activated through AQUATOR (AquatorGA)

e Optimisation set up by the user (menus in AQUATOR)
ﬂ

S ca optimisation - Single reservoir control curve

Optimization | Single run I

— General

emand [DC1]

Demand centre

Reservair |

Above curve take [MI/d) |4U-UDU

— Run dates

Start date - full

IIJ‘IJD‘I 927 vl
|3‘I J03/2002 vl

|IJ‘I£D‘I 332 vl
|3‘I J03/1958 vl

End date - full

Start date - critical

End date - critical

Finirmunn storage
’7 Emergency storage level [15.3680%)

Definitions

r— Constraints

v Max monthly curve variation

|15.UEIEI %

[~ Max number of curve changes per year |3

Coritral curve change |1 000 s

— Objectives
¥ Maximize supply

" Minimize number of contral curve changes

& Minimize change in contral curve

—&dvanced

Computers I G4 zetup | Model zetup
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It iz important to have saved any changes you have made to the model before running this analysis

— Search zpace

— Below curve take range
Idin GED]

19180 ¢={19.180 | M|/d

T
:

kin (D]
Jan |60.000 .<100.000

Feh [60.000 J100.000
Mar (60000 700000
ape [B0.000 100,000

9931
FEEE

— Control curve range [(£]——

— G4 controller

Falder IE:'\F'rogram FileghOubord S cientific Softwareh\aquatoid 30wWS

Application Impienec.ene

Uzer name IChfiS

— Basic
Population size |50

Generations |90

Make | Seed [F1072

il

May |60.000 ¢<{100.000
Jun [50.000 100,000
Jul [50.000 <-J100.000
Sug [60.000 (100000
Sep [B0.000 (100000
et [60.000 (100,000
Moy [60.000 J100.000

Dec [50.000 <<100.000

HEEEEEE
HEREEEE

— Timeouts & waits [zeconds]

G startup |120

“wiait for message (0.1

1

~Advanced
E psilon |0.001
tutation rate |0.1
Eta mutation |1
Crogsover rate [1

Eta crossover |1

11T

Options

Cancel | ak, I

JFMAMI J AT OND

Close
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’ GA optimisation - Single reservoir control curve

Multio

e-off curve

pjective GA-Trac

Setup Single run I
(LE ﬂ
Solution Supply Volume| monthly| Mumber of Below -
Choose b} Age deficit|  supplied| curve| changes| curve take Manthly control curve (%]
wariation
] ] % Mizd]  Jan]  Feb]  Ma]  Am|  May]  dur] Jul]
2 46 0.000 43766760 0.000 0 19180 100.000/ 100.000 100,000/ 100.000 100.000 100.000) 100.000 10
% 2302 0 0000 49702480 3292 E 19180 95545 95528 95,819 100000 99825 97.300 97.553 9
2208 2 0000 49556720 1.833 4 19180 98.774 97000 ooccc dnnann ooncEl o7 eoE 07704 o
2038 5 0,000 49431.800 163 3 19180 99.349 ?Gnuptimisatiun—Singlereservnircontrol curye 5[
2169 3 0000 49306880  1.069 119180 93152 9 g Singl run |
2058 5 0.000) 45496.820  0.000 0 149180 100.000 9 EE —_—
2305 0 0000 49296060 0.677 0 19180 98771 3 |soruz En T ] | Eolution
2037 6 0000 49306880  1.069 11 149180 99152 9 ReSUItS 2 -
2282 1 0000 49327700 1124 1 149180 39.071 9 =50
2054 5 0000 48434900 0.344 0 19180 99623 9 2434
2057 5 0000 47632920  0.002 0 19180 99.939 10 2058
2062 5 0000 43015400 (664 0 19180 99466 9 il PR
2222 2 0000 49348520 1614 2 19180 93152 9 T e [
2011 6 0000 49095630  0.697 0 19180 99.057 9 Erelow curue take = 138NN | | 2501
1524 & 0000 43310400  0.000 0 19130 100.000 10 ol supplled~ £503 1 1749
2260 1 0.000 48786380  0.464 0 19180 93471 9 o changes=5 | |50er
2216 2 0000 48786.380  D0.464 0 19180 39471 9 Supplydefct =M 5189
277 1) 0000 43202780 0726 0 15180 93029 § s sunpld def. gearnis || 2503
1743 12 0000 48661460 0.377 0 19180 99623 9 Ma. supply def. month = nfa | |1924
2004 5 0000 492444200 0.806 0 19180 93.062 3 gi‘sg
2014 B 0000 48203420 0.080 0 1a1s0 gassr g | 505
2168 3 0000 48205700 0103 0 19180 99.828 9 4 2504
1453 17 0000 48471620 0.268 0 149180 39579 9 2382
1987 7 0000 48072500 0.052 0 19180 99.956 3 gg%
2371
: 2014
. =] » o
_ EEEU 2171
raphic Progress Results  Computers Log Copy To single 2168
Om 1617 =
O 2414
m 2340
Lo 2274
2529
]
Bog T oo o 2431
o o 1570
GI5E04 L 2369
2 changs Ll
Graphic ~ Progress Results  Computers Log Copy To single Execute
Cancel Cloze
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Barnacre system

1s se study:

dales) Astor AqsatorEest ek Baracee (W)
i :

o 1st test case study (2006-2008)

eInflows daily time series 1927-
2002

eOptimisation carried out for the
critical period (1992-1998) to
reduce the computational time
for AQUATOR

eChecking (automatically) for the
whole period after optimisation

eSeveral Combinations of
objectives tried

eInitial “ Best solution” provided
by UU for comparison
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Selected Solutions for Barnacre

Original | Smooth | Smooth Smooth Min Min
1992-1998 uu curve curve curve changes changes | Max yield
1 change | 2changes
max dC% 6.90 1.00 2.00 3.00 13.45 42.28 38.00
o T @ [ ® @@ [ & T @® ()
Rate A 40.00 40.00 40.00 40.00 40.00 40.00 40.00
Rate B=X 19.1800 | 19.12898 | 19.03226 19.00012 19.18536 19.18536 19.12691
Jan 92.60 97.00 94.00 93.00 86.55 57.72 60.00
Feb 99.50 98.00 96.00 92.00 86.55 57.72 60.00
Mar 100.00 99.00 96.00 95.00 100.00 100.00 98.00
Apr 100.00 100.00 98.00 98.00 100.00 100.00 100.00
May 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Jun 100.00 100.00 100.00 100.00 86.55 86.55 100.00
Jul 100.00 100.00 100.00 100.00 86.55 86.55 100.00
Aug 100.00 100.00 100.00 100.00 86.55 86.55 100.00
Sep 96.30 100.00 100.00 99.00 86.55 86.55 100.00
Oct 91.50 99.00 98.00 97.00 86.55 86.55 89.00
Nov 88.80 98.00 96.00 94.00 86.55 86.55 74.00
Dec 89.80 98.00 96.00 91.00 86.55 86.55 94.00
Failures 0 0 0 0 0 0 0
Deficit 0 0 0 0 0 0 0
Volume 48203 49580 50288 50330 49297 50796 50807
Volume increase % 0.00 2.86 4.32 4.41 2.27 5.38 5.40

18
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Different control curves (Barnacre)
52000
Yield Yield Yield
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+4.41% +5.38% +5.40%
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Different control curves (Barnacre)

100.00 » » x ,- - -

* 100.00 -
90.00 - 90.00 -
N £
b o
S;’, 80.00 o 80.00 |
5 5
o o
) °
‘g 70.00 .‘g: 70.00 -
© 3]
60.00 60.00 -
50.00 T T 50.00 T /\ T
Jan Feb Mar  Apr May Juﬂ th-lul Aug  Sep  Oct Nov Jan Feb Mar Apr May Jun Jul Aug/ ep Oct Nov Dec
onths Manth
—— (1) Original curve UU, dC=6.90% Yield=48203 —=- (2) Smooth dC=1%, Yield=49580 —— (1) Original curve UU, dC=6.90% Yield=48203 = (2) dC=1%, increase by 2.86%
——(3) Smooth dC_=2%, Yield=50288 (4) Smooth dc=3_%, Yield=50330 ——(3) dC=2%, Yield increase by 3.26% (4) dC=2% ncrease by 4.04%
- (5) 1change, Yield=49297 —-(6) 2changes, Yield=50796 o+ (5) dC=2%, Yield increase by 4.25% —e— (6) dC=29 ncrease by 4.32%
—— (7) max Yield=50807

7) dC=2%, Yield increase by 4.41%

100.00 - I \
80.00 -
v/ \
70.00 - \
\" Maximum yield
60.00 -
50.00 T T T T T T T T T T
Jan Feb Mar Apr May Jtmmth.lsul Aug Sep Oct Nov Dec
—o—(1) Original curve UU, dC=6.90% Yield=48203 —=—(2) Yield increase by 4.84% 20
——(3) Yield increase by 5.20% (4) Yield increase by 5.24%
—*—(5) Yield increase by 5.26% —o—(6) Yield increase by 5.38%
—+—(7) Yield increase by 5.40%




UNIVERSITY OF

EXETER

Centre for Water Systems

Multiobjective GA-trade-off curves
(Barnacre)

Critical Period (01/01/1992 - 31/03/1998)
48,000 ’%l Initial Solution by UU
& . # United Utilities
Pi_ + GAnetyl (selectad)
48,500 &% + GAnetkL (&8 50/
L
[ . « GARetXL (% 50,1500}
| . . W Mew GA (% 100,/150)
4 [ .
44 000 = ] = = Meyw GA (% 5|:|_|-"2|'| [i]u}]
?‘. ® @ Mew GA (368 200/750)
= e ‘ e GAnetyL (% 100,546
= s?;' [ . E Anetkl (% L00,/546)
E 49 500 __.I' = % = =5 o & GAnetdl (% 100,200}
2 L A "o . New GA (% 100-1250)
I a7 3 - .
g n * . Mew GA (#100,/150)
= 50,000 —‘—ax : 2 = =
] o e -
i : i = " s K W, 5, H - & E EE
ix . * - oLy .. e L]
50,500 . - L T - _—
F‘H % - - . .
hi " = LW -
i ] 8 “ .,
., Chugl, .
- - . .
51,000 - +
LN . T . . .
*
51,500
Q.00 10.00 20,00 30,00 A0.00 S0.00 G000
Maximum %% Curve Change
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2" case study:

Watergrove & Springmill =
- Ouput time
Input time series M S;:rpl?le (1{ | speries:
(daily) , OnNEYeontrol | | 15.21Mid OR
1927-2005 C i=1.12 X (Cut back
1= yield)

eSingle reservoir

oSpills /No energy costs taken into account (gravity fed)
eTarget: Maximising yield (water volume) AND No deficits
eDecision variables (Unknowns): X and C, i=1,12

eInitial optimal solution given by UU (X fixed at UU reguest)

22
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Se

ected Solutions for W&S

?,Osualo

93-1997 Original | Smoother | Smoother | Smoother | Smoother
1993- uu curve curve curve curve Max yield | Max yield
max dC% 15.67 10.90 11.32 12.77 13.38 18.48 20.21
(2) 3) (4) (3) (6) (7)
Rate A 15.21 15.21 15.21 15.21 15.21 15.21 15.21
Rate B=X 8.2900 8.29000 8.29000 8.29000 8.29000 8.29000 8.29000
Jan 72.24 68.47 68.47 62.60 66.73 51.17 49.37
Feb 84.92 77.89 76.98 69.48 69.26 69.65 69.58
Mar 92.99 84.08 84.08 82.26 82.63 87.68 82.44
Apr 97.16 94.80 94.90 94.96 95.33 95.34 95.33
May 100.00 90.57 91.19 91.19 89.44 89.44 91.23
Jun 98.66 87.55 87.55 87.55 86.25 86.83 84.57
Jul 87.76 76.96 76.24 75.48 76.37 76.28 75.95
Aug 72.09 68.03 66.88 66.94 67.13 66.85 66.85
Sep 60.30 58.35 58.35 58.62 57.45 57.56 57.43
Oct 52.53 55.70 55.70 55.98 54.24 52.85 54.18
Nov 54.77 50.10 50.10 49.94 49.54 49.54 49.54
Dec 61.64 57.57 57.91 57.63 53.76 50.90 58.12
Failures 0 0 0 0 0 0
Deficit 0 0 0 0 0 0
Volume 16077 16748 16783 16824 16852 16866 16880
Volume increase % 4.18 4.39 4.65 4.82 4.91 4.99
Volume full period| 371165 390659 391171 391662 392901 392597 393226
Volumelincieceoh 5.25 5.39 5.52 5.86 5.77 5.94

full period
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Trade-off curve for W&S/Critical period

Watergrove & Springmill Reservoir:
Optimization with BCT fixed to 8.29 Ml
Critical Period (01/01/1994 -31/12/1997)
12,000 + United Utilities {MOSPA)
B Mew GA (% 100150, 3.29)
13,000
Population 100
14,000 L™ 0
s | Generations 150
i BT Initial Results obtained
T . Stellitel under 1hr
3 B
s . \
16,000 B 3
17,000 . "o = = DemO !!
18,000
5 1 15.0i 20.00 25
Maximum % Curve Change
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# Aquator - | =] x|
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Fife system

e 3rd case study: Fife system. Multiple reservoirs (3)

e Three control curves (Ci, i=1,12). In total 3*12=36 decision
variables (unknowns)

e Optimisation in one step (Ci simultaneously for all reservoirs),
system as a whole

e Daily input time series (1918-1998) 81 years

e Scottish method of Deployable Output (DO) as primary
objective (maximise DO) for a return period T=40 years

e Supply Deficits > 0, because DO for T=40 between 2 and 3
years of failure (NF) for N=81 years

e Initial solution provided by OSS for comparison: Deployable
Output DO=136.2 Mld -computational step 1 MId (or 135.9
Mld- computational step 0.5 Mid)

26
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Deployable Output in AQUATOR

= Deployable Output - Scottish Method x|
— Comman control — Options
Step reduction factar I Z kinirum step size I 0.1 GEY axiz parameter 0.5 [ Close form on completion
Fietur periods [10, 20, 30, 40, 50 60, 70 80, 90, 100 ~ Analysis progress
Bun I |
Full analysiz  Excel contral | Year I |

— Spreadzheet Time left I Finizh tirme I

File IE:'\D::u:uments and SettingztLydia' My Documentshlydiafile s’ |

— Resultz
Demand [MIA] = | 1420 [ 1425 | 1430 [ 1435

Whork sheet IFifE Cell Al Failure years -» [ gutcil
01 Jan 1924 s
— Surmnmary 01 Jan 1935
7 demands found hom 129 to 1435 MIZd OT Jan 1556
01 Jan 1987
1 years found from 1918 to 19938 01 Jan 1933

01 Jan 1989
Start ronth = January 01 Jan 1990
01 Jan 1931
01 Jan 1992
01 Jan 1933
01 Jan 1934
01 Jan 1395
01 Jan 1996

Status |OK 01 Jan 1997

63 demand-years selected from a masimunm of 567 [17.7%]

Cloze | Help
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Fife system
e Deployable Output (DO) as primary objective (maximise DO)

e —>Additional time consuming computations. Testing different
demands for the same (Ci) set of potential solutions, in order
to compute the DO for T=40 years.

e Optimisation carried out for 9 critical years (non consecutive)
to reduce the computational time needed.

e With 9 years, 15-20 min for a single DO simulation to run in
AQUATOR, with a computational step of 1Mld for the DO!

e Specific methods to overcome the computational problem for
the GA have been adopted, including parallelisation...

o Efficiency of different configurations for the GA and the
objective functions have been tried...

e Not a trivial problem: Days or weeks to run for a single

optimisation... (10 days in July, down to 36 hours now) .
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Fife system: Objective functions

: max DO (Deployable Output for return period T=40 years-

between NF=2 and NF=3 failure years)

: min DC (magnitude of changes in the control curve for

consecutive months taken as a sum of the 3
reservoirs)

min (DCmax) (the maximum monthly change in the control

curve for consecutive months in all 3 reservoirs)

min (SD) (supply deficit). SD>0 in all cases, because the

DO for T=40 relates to computations with 2 or 3
failure years (NF)

»Other objective functions tried (e.g. cost) but proved inefficient
or unsuitable.

»Specific computational method introduced to the GA for
estimating the DO for T=40 quicker.
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Fife system: Trade-off —Pareto curves

Srnoothness
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Pareto optimal____solutions
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Control curves for the 3 reservoirs
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Thank you for your attention!

Demo available...

Paper:

Vamvakeridou-Lyroudia, L.S., Morley M.S., Bicik J., Green C., Smith M.
and Savic, D.A. (2009). AquatorGA: Integrated optimisation for reservoir
operation using multiobjective genetic algorithms, in “Integrating Water
Systems”, Proc. 10th Int. Conf. on Computing and Control for the Water

Industry CCWI 2009, 1-3 Sept 2009 University of Sheffield, UK, pp 493-
500

Website:

http://centres.exeter.ac.uk/cws/projects/water-resources-
management/165-ga-aquator
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