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data transparency version control documentation collaboration run speed



CALVIN

March 22, 2017 CWEMF 2017 | msdogan@ucdavis.edu 3

HOBBES Database

Ø ~1250 nodes
Ø ~600 conveyance links
Ø 49 surface reservoirs
Ø 38 groundwater reservoirs
Ø 88% of CA’s irrigated acreage
Ø 92% of CA’s urban population 

https://cwn.casil.ucdavis.edu
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ØOnline Database
ØVersion Control
ØData Visualization
ØDocumentation
ØCollaboration
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Ø Pyomo is a Python-based, open-source optimization 
modeling language

Ø Algebraic language similar to GAMS, AMPL

Ø Easy to install: ”conda install -c cachemeorg pyomo”

Ø User defined solvers:
• CPLEX1

• GUROBI1

• CBC2

• GLPK2

http://www.pyomo.org/documentation
(1 free for academic purposes only, 2 open source)

Modeling Environment



California's Water Infrastructure
Network Configuration for CALVINNetwork Configuration for CALVIN
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C156

Desalination
GW-SD

LOCAL SUPPLY
LEGEND

Possible future facilities
Nodes Types Links Types AG DEMAND AREA URBAN DEMAND AREA

D541Required Delta 
Outflow

EBMUD

Desalination

D896

Calaveras, Lower 
Crystal Springs, 

D888

CAS

U501: Ventura
(Int & Ext)

LOCAL SUPPLY

Economic Engineering Optimization of California's
Schematic developers

C11 Junction (non-storage) node

Possible future facilities
Nodes Types Links Types

Flow to a sink
WTP## SW u/s

α UBC $

α=N/A, $
WTP capacity
Treatment cost

α=UBC, $
Canal capacity

Distribution Cost

Desalination

AG DEMAND AREA URBAN DEMAND AREA

Surplus Delta 
Outflow

U209: EBMUD
(Int, Ext & Ind)

Desalination

D897

Calaveras, Lower 
Crystal Springs, 

San Andreas & San 
Antonio ReservoirsCrystal Springs 

Bypass Tunnel
U304: Santa Clara

Valley
(Int, Ext & Ind)

D889

U503: Castaic Lake
(Int & Ext)

GW-SD

A511 S Di
Desalination

U511: San Diego
(Int, Ext & Ind)

LOCAL SUPPLY

LOCAL SUPPLY

Economic-Engineering Optimization of California's 
Future Water Supply: CALVIN model schematic

Marion W. Jenkins
Kenneth W. Kirby 
Manuel A Pulido

Julien J. Harou
Brian J. Van Lienden
Brad D Newlin

C11 Junction (non-storage) node

Pumping plant
Pumping plant

Flow to a sink

Return flow from a 
demand area

Flow in a natural channel

HGP##
SW u/s

α, $
Pumping Capacity

Pumping Cost

A < 1
Conveyance 

Loss
HSU###

α, $
Conveyance 

Capacity
Distribution Cost

Aggregation

HGP##

U##

WTP## SW u/s
α=UBC, $
Pumping 
capacity

Pumping cost
Aggregation 

Node

WTP capacity
Treatment cost

Canal capacity
Distribution Cost

Outflow ( , )

SR-
SFAGG

GW-SC

Aqueduct 
Losses

U503: Castaic Lake
(Int & Ext)

N8

A511: San Diego
Desalination(Int, Ext & Ind)utu e ate Supp y C ode sc e at c

Jay R. Lund, Professor of Civil and Environmental Engineering
Richard E. Howitt, Professor of Agriculture and Resource Economics

y
Manuel A. Pulido
Matthew D. Davis
Randall Ritzema

Brad D. Newlin
Sarah E. Null
Mark Leu
El S B t l

Power plant Surface water reservoir node 

Flow in a natural channel

Flow in an artificial channel

Flow in a potential/proposed

A###

p g

A > 1
Ag Reuse

Aggregation 
Node

U##

GW
##

α=UBT, $=TD
Target Delivery

Shortage 
Penalty

Node

α=UBT, $=TD
Target Delivery

Shortage 
Penalty

α=UBT, $=TD
Target Delivery

Shortage Penalty
GW-SC

U301: San 
Francisco PUC 
(Int, Ext & Ind)

Desalination
N8Richard E. Howitt, Professor of Agriculture and Resource Economics

University of California, Davis
http://cee.engr.ucdavis.edu/CALVIN

Randall Ritzema
Guilherme Marques
Josue Medellin-Azuara
Andrew J Draper

Mark Leu
Eleanor S. Bartolomeo
Karandev Singh
Mustafa S. Dogan

SR-
SHA

Surface water reservoir (storage) node 

Flow in a potential/proposed
artificial channel

Artificial recharge flow

GW#
#

HU###

A > 1
Ag Reuse

UBT $ TD α=UBT $=TD
IND##

EXT##

INT##

HGR##

Shortage 
Penalty

A<1
Exterior 
U b

Shortage 
Penalty

α=UBC, $
WWTP capacity

HP##

Francisco PUC 
(Int, Ext & Ind)

GW-
SCV

LOCAL SUPPLY

p //cee e g ucda s edu/C

contact: jrlund@ucdavis.edu or rehowitt@ucdavis.edu 
March 2015

Andrew J. Draper
Stacy K. Tanaka 

Mustafa S. Dogan
SHA

GW-
01

Ground water reservoir (storage) node 

D l ti A (DA)

Artificial recharge flow

Flow from GW node to
a demand node

Inflow to model HGR##

α=UBT, $=TD
Target Delivery

Shortage Penalty

α=UBT, $=TD
Target Delivery

Shortage Penalty

IND##
EXT##

HNP##

A<1
Industrial Urban 
Use Return Flow

A<1
Interior Urban 
Use Return 

Flow

A<1
Exterior 
Urban

Use Return 
Flow

α=UBC, $
WWTP capacity
for potable use
Treatment Cost

March 2015GW
01

Depletion Area (DA)

Sutter NWR Wetland node

Inflow to model HGR##
A<1

% GW 
Return 
Flow

### G

A<1

### S

HNP##

Industrial Urban 
Use Return Flow

α=UBC, $
WWTP capacity

for non potable use

A102: CVPM02 Agricultural demand node
HSD###

A<1
% SW 
Return 
Flow

SW d/s

WWP##
$

Treatment Cost 

α UBC, $
WWTP capacity

for non-potable use
Treatment Cost

$
Treatment Cost SW d/s

U102: CVPM 02 
(Int & Ext Urban demand node

$
Treatment Cost 

for discharge into 
GW basin

$
Treatment Cost 

for discharge into 
SW source

SW d/s
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CALVIN v.1 PyVIN v.2
Large-scale hydroeconomic model

Optimize water allocation to agricultural and urban users
Minimize statewide water scarcity and operating costs

HEC-PRM and VBA based Pyomo and Python based
Less flexible

(limited to HEC-PRM)
More flexible

(full LP)
Solver runtime: ~16 hr

(depending on initial solution)
Solver runtime: ~1 min
(depending on solver)

Requires 32 bit Windows PC Any computer
HEC-DSS database Open source: data and source code



HOBBES Matrix Creator
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C
alvin (2014)

C
alvin (2015)

C
alvin (2015)

C
alvin (2015)

Calvin (2015)

Calvin (2015)

Calvin (2015)

Calvin (2015)

Calvin (2015)

Calvin (2015)

+
Q* (objective)

Pr
ic

e 
($

/V
ol

)

Q (volume)

p
*

Demand Curves

Time-series
Data Matrix (PyVIN input)

hydrograph



PyVIN Model Structure
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Freely Available Solvers3
• CPLEX
• CBC
• GUROBI
• GLPK

User installed and defined solvers
No dependency on any solver 

Abstract Model in Pyomo

Model 
Structure Data

PyVIN

2

Separate data and model structure

minimize 𝑍 =(((𝑐*+, - 𝑋*+,

�

,

�

+

�

*

	

((𝑋*+, =((𝑎*+, - 𝑋*+, + 𝑏+

�

,

�

*

�

,

�

*

	

𝑋*+, ≤ 𝑢*+,
𝑋*+, ≥ 𝑙*+,

where
Z: total cost
X: flow on the arc
c: unit cost (or penalty)
b: external flow
a: amplitude
l: lower bound
u: upper bound

objective

mass balance

Linear Programming Model with Gains & Losses1

upper bound

lower bound



PyVIN Run Process

HOBBES

• Input Data
• Network matrix

Pyomo

• Model Run
• Specify data file and solver

Python

• Postprocess Results
• Analyze results stored in *.csv files

HOBBES

• Data Visualization
• Time-series plots & animation
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Output
Input

PyVIN

pyvin.py

data.dat
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• water deliveries 
to users

flow.csv

• surface and 
groundwater 
storage

storage.csv

• cost of shortage 
to users and 
WTP for 
additional water

shortage 
cost.csv

• shadow prices 
of 
environmental 
flows

dual -
lower 
bound.csv 

• benefits of 
capacity 
expansion

dual -
upper 
bound.csv



Solver Time
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Ø Runs are 
performed on UC 
Davis College of 
Engineering’s 
HPC1 (High 
Performance 
Computer)

Ø cbc, cplex and 
gurobi are run in 
parallel, and glpk
is run in serial

number of decision variables

tim
e 

(s
ec

on
d)

~35K

~1.4M
~3M

open source

glpk
Y=(9.83E-10)X2.19551

cbc
Y=(5.59E-09)X1.83019

gurobi
Y=(3.77E-08)X1.52444

cplex
Y=(7.84E-08)X1.41141
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tim
e 

(s
ec

on
d)

number of decision variables

Ø Differences get 
bigger as model 
size increases

Ø cplex and 
gurobi have 
similar total runtime

# of decision 
variables output file size (json)

35,827 ~7.5 MB

1,430,915 ~300 MB

2,933,335 ~602 MB

~35K

~1.4M
~3M

Pyomo builds 
the model

Solver finds a 
solution

Pyomo 
writes 
results

glpk
Y=(2.88E-08)X1.96947

cbc
Y=(3.11E-05)X1.27684

gurobi
Y=(4.13E-04)X1.02861

cplex
Y=(3.46E-04)X1.03667

Total Runtime
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Ø Objective value 
normalized to glpk
results

Ø cbc results slightly 
lower

Ø Overall consistent 
solver results

Solver Accuracy

N
or

m
al

iz
ed

 to
 g
l
p
k

(%
)

99.9999995

99.9999996

99.9999997

99.9999998

99.9999999

100.0000000

99.9999995

99.9999996

99.9999997

99.9999998

99.9999999

100.0000000

gl
pk

cb
c cp

le
x

gu
ro

bi

99.9999995

99.9999996

99.9999997

99.9999998

99.9999999

100.0000000

gl
pk

cb
c cp

le
x

gu
ro

bi

gl
pk

cb
c cp
le

x

gu
ro

bi

~35K

~1.4M

~3M

solvers

model size
Solver Result Comparison



CALVIN to PyVIN
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• Similar results but faster 
runtime
(16 hours vs. 1 minute)

• Easy-to-understand model: 
only ~20 lines of code
(solver takes care of the rest)

M
on

th
ly

 A
vg

. S
to

ra
ge
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Preliminary Results
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Data Visualization
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Ø Graph flow and storage 
results

Ø Select time-period

Ø Animation tool

Ø Inflow, flow, storage, evaporation



Limitations & Improvements

ØPerfect foresight
ØRun year-by-year to prevent perfect hydrologic foresight

ØGroundwater representation
ØImplement SGMA constraints on groundwater basins

ØWater rights
ØRepresent water rights in system operations
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Conclusions
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data transparency version control documentation collaboration run speed

ØFree and 
publicly 
available data 
and model

ØVersion control 
and tracking 
changes via 
GitHub

ØOnline 
documents, 
theses, journal 
papers

ØCommunication 
between 
modelers & 
models

ØFast, state-of-
the-art solvers; 
cplex, gurobi 
and cbc



Useful links

• CALVIN: https://calvin.ucdavis.edu/node
• HOBBES: https://hobbes.ucdavis.edu/node & 

https://cwn.casil.ucdavis.edu
• PyVIN: https://github.com/msdogan/pyvin
• Network data: https://github.com/ucd-cws/calvin-network-data
• Network tools: https://github.com/ucd-cws/calvin-network-tools

Developers:
Mustafa Dogan, Max Fefer, Ellie White, Jon Herman, Justin Merz

Quinn Hart, Josue Medellin-Azuara and Jay Lund
contact: msdogan@ucdavis.edu
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PyVIN


