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SLEUTH of Washington, D.C., by NASA & USGS (2004)
Dublin, Ireland, by OpenStreetMap.org (2010)
Tantalus Creek Hydrology by USGS (2007)

General Transportation Problem by Glennon
Christaller k=4 by Wikipedia.org (2010)

Random Walk by Wikipedia.org (2010)

Shortest Path by Graphserver project (2010)




Geographically Embedded Network
“GENet”

Image: Bonnie Long 2011; flickr.com/photos/68527152@N05/6235796437/



Types of GENets

Physical GENet
Pathways tangibly exist in
geographic space
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Source: Szukalski/NPS (2010) and Slavevoyages.org (2013)



Operations Research
Dijkstra, 1959
Moore, 1959
Ahuja, Magnanti, and Orlin, 1993

Transportation
Garrison 1958
Kansky, 1963
Haegerstrand, 1970

Hydrology
Horton, 1945
Shreve, 1967
Maidment, 2002

Simulation
von Neuman, 1966
Conway, 1970
Wolfram, 2002

GIS
Tomlinson’s CGIS, 1970
Goodchild, 1991
Albrecht, 1997
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Adjacency lists
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Node-arc incidence matrix Node-node adjacency matrix
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Data Modeling: GENet Flow

CARTE FIGURATIVE des pertes successives an hommes de /Armie Francaise dans la campagae de Russie 1812-1813. “"‘é‘ of Origin State of Destination Migration Flow Reverse Flow 3
P ew York Florida 308230 N
Dressée par M Minard, Inspecteur Gentra:fﬂ ot Chaussées en retraite. New Jersey 306,979 LEGEND ]
Nevada 99.125 \
Arizona 6.15 o DyeTrace Sensor \ \c
Lexas ;: #~ Mapped Stream (
Washington 55 ~ Inferred Route —
Oregon 1836
New Jersey Florida 18.905 *
Texas California u
New York Pennsylvania Kilometers
California Colorado
New Jersey Pennsylvania
New York North Carolina
| Georgia Florida 157.423 KENTUCKY
RALER0 AAEIOER hrmp il o i Aol Sl e oo Rew Jorscy New York 206979 oo
North Carolina
California mhioplession
California N
TR California Florida )

note: numbers are LS, Census estimates from sample data.
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GENet Flow Data Model
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Selecting streets bounding a city block Calculating shortest path

NETWORK ANALYSIS
© Comparison

Optimization

Simulation

Process



Simulating urban growth near a road




Constructing a stream network from a Digital Elevation Model
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START

start
end
current = start
graphDefinition = [...]
dijkstraList .
visited =[]

initialize

current == end

for each
node adjacent

assign node
with lowest templength
as permanent. record
order.make the node the
new current

End Loop

A

to currentNode
proceed. Test against

Dijkstra’s Shortest Path
Algorithm

node count

Continue
Loop

track lowest
temporary path (probably
best as a if < then
statement

query referring labels
from end to start in

Y

order to obtain shortest
path’'s node labels

return shortestpathlabels
return end's pathlength

END

Does
adjacentNodeli]
have permanent
label?

testlength equals
fromnodespathlength
plus tonodeslength

testlength
less than node's
templowestpathlength

Yes

assign
templowestpathlength
equal to
testlength. --and--
temppathvianode =
fronnodeslabel

v

increment to
next adjacent node
address counter




START

e parameter Simulation Workflow

agent variables

Initialize agent and
state

No

Increment time ‘

Time within bounds?

Agent, Test Action
Example:|s the .
Record current time (t) distance bgtween Agent, Example:Change Iocatlornror
state of all agents ' location (x) and Agent, larger attributes of agents. Additional
) . than some tracking/looping may be
attribute (i) threshold? required to mediate conflicts

output:

return Agent,
attributes

END



START

input INPUT & Workflow for
Digital Elevation Model INITIALIZE

Accumulation Threshold constructing a stream network from

l a Digital Elevation Model

Use DEM to
calculate Flow Direction

I

o CALCULATE
Use Flow Direction to

calculate Flow
Accumulation (number
of contributing upslope

cells)

Filter surface by
Accumulation Threshold

output:

Raster surface of
stream membership

OUTPUT

END



Parameters
For characterizing

GENet operations
(modified from
Mitchell 2000)

Objective

What is the problem objective?
What are the problem constraints?

Data

How is the network represented?
Does the data support uncertain, fuzzy, or missing data?

Algorithm

Are operational rules deterministic or stochastic?
Does the algorithm require iteration?
If so, what is its nature (finite, continuous, dynamic feedback)?
What dimensions does the algorithm consider?
Is the environment static or dynamic?
Does the algorithm use exact or approximate methods?
How does the algorithm handle uncertain or missing data?

Output

What is the nature of the solution? For instance, is it vector, raster, numeric, descriptive?
Is the solution a subset of existing data or something newly derived?

Process

Is scale a consideration? For instance, does the answer change with varying scale?
Is the algorithm designed for single or repeated use?

Are the results repeatable?

Is the process reversible without data loss?

How are distance units or length addressed?



Is a model spatial? four possible tests (Goodchild 2012)

invariance test
spatially explicit models are variant under relocation of the objects of study

representation test
spatially explicit models include representation of location in their
implementations

formulation test
concepts such as location or distance appear directly in the model
in algebraic expressions or behavioral rules

outcome test
spatial structures of inputs and outputs are different
it modifies the landscape on which it operates
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Properties of GENets

REPRESENTATIONAL

Spatial uncertainty

Scale

PHYSICAL
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Areal interaction

Source: USGS and Glennon



Properties of GENets

REPRESENTATIONAL

Spatial uncertainty

Scale

PHYSICAL

Heterogeneity

Areal interaction

Source: Google Maps 2013
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Properties of GENets

Plaza Mayor, Madrid
REPRESENTATIONAL

Spatial uncertainty

Scale

PHYSICAL

Heterogeneity

Areal interaction

Source: Google Maps and Jose Saleta



Properties of GENets
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Properties of GENets

REPRESENTATIONAL

Spatial uncertainty

Scale

PHYSICAL

Heterogeneity

Areal interaction

http://www.westernwatersheds.org/images/watersheds/eforksalmon-watershed.jpg



Historic Entrance Elevator Entrance

Calorie Counter
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Considering GENet Properties b

* Construct more useful and appropriate algorithms:
identification of leverageable characteristics, limitations of
various analytical approaches

 Development of best practices

* Create maps that afford human understanding of networks

LEFT: A walk seeded by the first 166,000 digits of pi (Davis 2012); RIGHT: map of Jewel Cave, South Dakota (NPS 2008)












July 4, 2012, Prediction Windows
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Actual 08:30 10:05 11:33 12:20 17:57

Castle [ Riverside




Itinerary Strategies

Naive
No planning; a random
walk through basin

Informed
Assess predictions and
make an itinerary at the
beginning of the day

Expert
Continuously update
itinerary with respect to
incoming, real-time data
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Upper Geyser Basin
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Geyser Notebook
06 VuE1032

Geyser Notebook | Timeline

16:14PST Lion

Jan08  (wo) Aurum - Grand
: Eruption: Old Faithful, 15:14 PST Helghe
15:25PST  Grand uption: Old Faithful, 15 i 1-8-2013 22:31 150-200 feet
Jan08  (wo) Jan 08 (long)(wc) e
nterval:
15:22 PST Lion 6-20 hours
Jan 08 i - . :
an o e Timeline Menu On/Off Advanced Duration:
15:14 PST  Old Faithful I:’ major I:l e 9-13 minutes
Jan 08 (long)(wc) Status:
- . tive
1418 PST  Lion F Report Similar D . l:' a
Jan 08 (eYwe) 4 minor near start
13:49 ST  Old Faithful timeli ., ) . D g |:| . ti Prediction: 08 Jan 2013, 22:40 PST
Jan08  (ie)we) fmeline Better” (+) Observation initia In eruption Last Report: 08 Jan 2013, 15:25 PST
13:42 PST Daisy .
Jan 08 (we) f l:' webcam I:I electronic Grand is a spectacular geyser. It often plays at the
— " " i start of an eruption of the adjacent Turban Geyser.
R <
13:16 PST Lion Less ( ) Observatlon After the main eruption ends, it may have stronger
Jan 08 (we) I:I unsure (?) Add Comment superbursts. Its eruption window generally is plus
1228 PST  OId Faithful my reports I — or minus two hours of the prediction.
: aithfu .
Tan 08 (ong)ne) Share (experimental)
12:06 PST Lion n— )
Jan08  (weyin) o= Cancel Submit

Cancel

12:05 PST Lion filter by geyser

LEGEND: ns='near start’; ie='in eruption’; wc="via
webcam’; ?="'unsure”; ini='initial’; E="electronic’




Informed Scheduler

To create itinerary, output schedule is
correlated with network
topology and times of travel

END

output:  scheduled

offschedule

START

input:

geyser prediction windows
priority value for each geyser
network

start & stop nodes

start & stop times

viewing quality by node

place candidate in
earliest portion of
feasible freetime
with respect to distance
and travel time

Y

reschedule is
not empty

True

place candidate into
offschedule &
remove candidate
from reschedule

calculate sets of
unencumbered times;
freetimes =
[total time - scheduled]

candidate
possible with respect
to previous & subsequent
scheduled distance
&travel
time.

cycle through
freetime sequences,
does candidate
fit?

Consider candidate’s total period
plus distance time of travel

cycle to next window of freetime

\ 4

select reschedule
geyser with highest
priority, label it as
candidate

y
initialize

scheduled = [empty] []
unscheduled=[g][w]
reschedule = [empty] []
offschedule = [empty] []

unscheduled is

A

place all geysers and

—————— corresponding windows

into unscheduled

not empty

compare each
unscheduled against
union of remaining
unscheduled &
all scheduled

For each

unscheduled

Possible to
get to nonoverlapping
unscheduled in
time?

remove unscheduled
geyser and place in

Overlap

nonoverlapping

Consider distance time of travel as well as
,* prediction window

among the overlapping
unscheduled, select the
one with the highest

check union of scheduled
against each unscheduled;
any unscheduled

priority, add it to
scheduled, and remove it
from unscheduled

remove geyser from
unscheduled and place

in reschedule

A 4

|-
7’| thatintersects is removed
from unscheduled and
added to reschedule
y
|-
Ll

Note: If a visit end time

is defined, last scheduled
also must be able to return
to start location.

scheduled




Expert Scheduler

START

Create Itinerary

itinerary = [node][time][currentobjective]

A

Execute Itinerary

itinerary = [current node],
[current time],
[currentobjective]

listen for incoming eruption data

The eruption is the not the
current objective, so the visitor

continues with current itinerary
but recalculates for subsequent

activities. Yo
.

Use results from
Informed procedure

_ (scheduled, network,
optimumviewingnode,
start_node, stop_node,
start_time, and stop_time)
to create itinerary. Objective
is geyser or, between
objectives, ‘any”

Set Output Variables Set Output Variables

start_time = current time
start_node = currentnode -
new prediction data

start_time = end of currentobjective’s
window

start_node = currentnode

new prediction data

feed == currentobjective
AND

INCOMING DATA

currentnode ==

optimalviewingnode (feed geyser)

not locked watching an
ongoing eruption

feed = [geyser, eruption time,
new prediction window]

Stay at Location until Eruption
Completes & Set Qutput Variables

The eruption is the current objective
and the visitor is there.

start_time = eruption time +

The eruption is the current
objective, but the visitor was
not at an optimal viewing
location.

-
-

END

h 4

Initiate Informed Scheduler
with New Input Data

currentobjective’s duration
start_node = currentnode
new prediction data
new priority values




July 4, 2012, Prediction Windows
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INFORMED VISITOR TRAVEL ITINERARY

08:00: Start day at Old Faithful

08:00 to 10:14: Wait at Old Faithful

1014 1o 10:30; Travel from Old Faithful to Grand (Leg 1)
1030 to 16:54: Wait at Grand

16:54 1o 17:00: Travel from Grand to Castle (Leg 2}
17:00 to 19:50: Wait at Castle

1950 to 20:00: Travel from Castle to Old Faithful (Leg 3}
20e00: Enel day at Old Faithful
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EXPERT VISITOR TRAVEL ITINERARY
37
08:00: Start day at OId Faithful ¢
08:00 to 10:14: Wait at Old Faithful LAY

~. 2
1014 to 10:30; Travel from Old Faithful to Grand (Leg 1) ~AA

\ 10
10:30 to 11:51: Wait at Grand 3(‘5\‘
11:51 1o 12:0% Travel from Grand to Daisy (Leg 2) [ G, 2
12:05 to 15:20: Wait at Daisy

15:20 to 15:44: Travel from Daisy to Old Faithful (Leg 3)
15:44 to 16:50; Wait at Old Faithful

16:50 to 17:00 Travel from Cld Faithful to Castle (Leg 4)
17:00 1o 19:50: Wait at Castle

19:50 to 20:00: Travel from Castle to Old Faithful (Leg 5)
20:00: End day at Old Faithful

A ; Old Faithful



GTP ltinerary Results

syl:ln:I:\’eeti‘::’::ta Naive Informed Expert
Geyser
Mean Observations
Castle 0 (02 0 (0.2 1 1
Daisy 1 (1.0 0 (038 2 2
Grand 0 (1) 0 (0.1 1 1
Old Faithful 4 (4.2 3 (39 2 3
Riverside 0 (0.1 0 (0.1) 0 0
Mean Quality

Castle 0.6 0.6 1.0 1.0
Daisy 0.6 0.6 0.5 1.0
Grand 0.7 0.7 1.0 1.0
Old Faithful 0.6 0.6 1.0 1.0
Riverside 0.7 0.7 0.0 0.0




Using GENet properties to improve
analytical results

SCALE: harmonizing the granularity of the path and events

SPATIAL UNCERTAINTY: data stream verification; “Tragedy of the
Data Collection Commons” (missing data); finer scale in
important areas to reduce utility ambiguity

AREAL INTERACTION: viewsheds (the neighborhood) affect utility
along path; future: leverage spatial autocorrelation of events

CONSTITUENT HETEROGENEITY: possible to achieve more than
one objective at the same place; consider other path properties
(like path width and wind direction)



Contributions to the Field

The identification of an initial set of GENet characteristics and
description of methods for uncovering more such properties

A technique for creating geographic data models

The development of a geographic data model for GENet flow;
formalization of known and uncertain linkages with respect to
flow

The development of a GIS workflow for GENet itinerary
creation that addresses: recurrent visits and satiation; multiple
objectives at a single location; and real-time activities with
uncertain completion times



What’s Next?

Look for more GENet properties; find people to help

* Explore methods for integrating dynamic GENet attributes

* Characterize Abstract GENets

* Describe linear programming formulation for optimal solution to GTP

* Generalize GTP to other itinerary creation domains

* Explore the nature of geyser eruption moving means

* Continue exploration of real time mobile decision making (egocentric spatial analysis)
*  Enumerate and describe a “Naive Geography” of networks in geography

* Study, describe, and explore alternatives to overcome the “Tragedy of the data collection
commons”

e Participate in time comparison research in GIS

* Create, use, and encourage general optimization tools for GIS
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