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1 Introduction

The purpose of this document is to describe theemis and design of
dual-scale landscapes for the LANDIS-II model. Pphienary
audience for this document is the team which waldeveloping this
functionality for LANDIS-II. Since that team inafles ecologists and
developers, this document must be understandalbetytypes of
team members. The document assumes the readenilgaf with the
conceptual description of the LANDIS-1I model.

1.1 References

Scheller, R.M., Domingo, J.B, 2006ANDIS-II Model v5.1
Conceptual DescriptiorlJniversity of Wisconsin-Madison.

Scheller, R.M., Domingo, J.B, 2006ANDIS-1I Model v5.1 User
Guide.University of Wisconsin-Madison.

White, M.A., Schleller, R.M., Cornett, M.W, 200Simulating the
Effects of Climate Change and Disturbance on Forest
Composition and Rates of Change in a Northeastenmééota
Landscape Using a Spatially Dynamic Mad@lroposal funded
by the TNC’s RIKOSE program.

1.2 Acknowledgements
Funding for this work was provided by the Naturen€grvancy’s
Rodney Johnson and Katharine Ordway Stewardship
Endowment (RIJIKOSE) program, the TNC’s Global Clendhange
Initiative, and the University of Wisconsin-Madison
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2 Dual-scale Landscape

2.1 Motivation

Currently, the landscape in the LANDIS-II modetépresented by a
2-dimensional grid of equally-sized squares catiéesor cells(see
chapter 3 in th& ANDIS-II Conceptual Model Descriptipn

The motivation for the dual-scale landscape idltmethe user to
subdivide selected areas of the landscape intdeansites (see Figure
1). This functionality would allow the user to sstigate the model’s
behavior in response to spatial variability in tgpaphy, soils, climate,
etc. at a finer scale in selected regions of thddaape.

[] active

[] inactive

Figure 1 - Dual-scale landscape: selected sites are subdivided.

Without this functionality, the user has to moded tvhole landscape
at the finer scale, which requires significantlyremoomputational
resources than modeling the landscape at the hreedke. For
example, simulating a landscape at the smalletuggo of 28.5 m
(0.08 ha per site) requires approximately 36 tithesmemory and
processor time than simulating it at the largeol#son of 171 m (2.9
ha per site).

2.2 Relationship Between Scales

Like the larger sites, the smaller sites are egtgalled squares.
Furthermore, a large site is subdivided into comepdenall sites (i.e.,
there are no partial small sites). Therefore ci#iElength of a large
site is an integer multiple of the cell length cfraall site:
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Cell lengthjarge-scale= Kk % Cell lengthyine-scale
wherek is integer> 1

When k = 1, the large scale is the same as thes@ake. This value
can be used to compare the dual-scale version diAIS-11 with the
current single-scale version.

2.3 Design Goals

2.3.1 Use Fewer Resources than Whole Landscape at Fine-scale

With the current version of LANDIS-II, the user carodel the whole
landscape at the finer scale. But that requides @f computational
resources (memory and processor time). The gaaluse fewer
resources by allowing some areas of the landscabe tepresented at
the broader scale. This means less memory fespéeific data and
hence, less time to do site-specific computations.

2.3.2 Avoid One-off Software

We want to maximize the chances that this new fanatity becomes
a permanent part of the LANDIS-II software. We wamavoid it
becoming a variation or a fork of the code baseithmst used for the
RJKOSE grant, and then abandoned. We’'ll be inngstilot of time
into developing this functionality, and we want@ximize the return
on that investment by maximizing the software’sgevity.

2.3.3 Just One Version of LANDIS-II in the Long Run

Although we may create a separate version of LANDiring the
development of this new functionality, we don’t waém distribute and
support multiple variations of LANDIS-II in the Igrmrun. We don't
want the hassle for us or the users of dealing siitble-scale
LANDIS-II versus dual-scale LANDIS-II. In other was, we want to
eventually fold this new functionality into the ceint code base so
there is only one version of LANDIS-II that we miim and
distribute. In essence, this one version of LANDI&ould support
single-scale and dual-scale simulations.

2.3.4 Allow Extensions Written for One Scale

We want to allow developers to write extensionsaiit having to
consider the dual-scale behavior. In other wadtsy can write
extensions for a single scale, and the extensiaugdFfunction
correctly and efficiently with a dual-scale landsea Therefore, in



Dual-scale Landscape for LANDIS-II Concepts & Design

order to get existing extensions to work with dsiedle landscapes, we
want to make no or very minimal changes to theirse code.
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3 Design A - Two Sizes of Sites

In this design, the two sizes of sites (large andll are represented
explicitly. In other words, a site has a new propealled “Scale”
which indicates the site’s scale or size.

3.1 Site Locations

In the current single-scale landscape, a siteeistitied by its location
(row, column). In a dual-scale landscape, a siteation is expressed
in terms of rows and columns that are based osite&s scale. So, a
large site’s location is expressed in terms ofdaggale rows and
columns, while a small site’s location is expressetrms of small-
scale rows and columns.

Consider the example dual-scale landscape in F@ufehe location
of the large subdivided site F is (2, 2) while ibeation of the small
site F7 is (6, 4).
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columns
—_
| 1 1 1
arge 1 | 2 | 3 | 4
scale ! ! !
” 1 1 : 1 1 : 1 1 : 1 1
sma 213 '415,6"'718,;9"'10,11; 12
scale | | h | | h | | | 1 1
rows 1
1 2 A B C D
3
4 Fl|F2|F3|G1]|G2]|G3
2 5 E FA | F5 | F6 | G4 | G5 | G6 H
6 F7 | F8 | Fo | G7 | G8 | G9
7 Kl | K2 | K3
3 8 | J K4 | K5 | K6 L
9 K7 | K8 | K9

Figure 2 — Rows and columns at two scales

As a consequence of adding a second scale tortledape, a site
cannot be identified solely by its location. Odual-scale landscape,
a location and a scale are required to identifsetmieve a site. For
example, in Figure 2, retrieving the site at “(B,I8rge scale” yields
site J, while retrieving the site at “(5, 9), snsdhle” yields site G6.

Note: retrieving a site with a small-scale location mesult in a large
site. For example, in Figure 2, retrieving the sit “(1,4), small
scale” yields the large site B.

3.2 A Site’s Neighbors

The neighbors of a site are specified by theirtretdocation to the
site. A relative location is a pair of offsetsyracolumn). Each offset
can be positive, zero, or negative.
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In a dual-scale landscape, the offsets in a re&dtigation are
interpreted in terms of the site’s scale. So atinet location of a large
site’s neighbor is interpreted in terms of largatscows and columns.
Similarly, a relative location of a small site’sigiebor is interpreted in
terms of small-scale rows and columns.

Note: When a neighbor is retrieved for a large site rntbighbor is
always a large site. When a neighbor is retrideed small site, the
neighbor may be either another small site or aelaitg.

Here are some neighbors for some of the siteseiexiample dual-
scale landscape in Figure 2.

Site Relative Location Neighbor
E (-1,2) C
E (0,2) G
E (1,2) K
F9 (1,0) J
F9 (1,1) K1
F9 (1,2) K2
F9 (1,3) K3
F9 (1,4) L
F9 (1,5) L
F9 (1,6)

3.3 Modifications to Current Design of Site Data Type

3.3.1 Scale Property
This new property indicates the site’s scale. ¥altarge or Small.

3.3.2 IsActive Property
This existing property indicates whether the stagative or not.
Value: true or false.

By definition, a large subdivided site is activaifleast one of its
small sites is active.
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3.3.3 IsSubdivided Property
This new property indicates whether the site igdsutled into smaller
sites. Value: true or false.

This property is always false for small sites.

3.3.4 Area Property
This new property is the area of site. Value: namb0. Units:
This may be useful for extensions that need to khisw Currently,

the core provides extensions with two propertiesil@ngth and
CellArea. Perhaps these should be moved to thddcape class?

3.3.5 Parent Property
This new property is the site’s parent: the largales site that
encompasses the site. Value: a large-scale site.
By definition, the parent of a large-scale sitésslf.

Alternatives to “Parent” as a name? “EnclosingLargige”,
“MyLargeSite”

3.3.6 GetEnumerator Method

This new method will be added to allow the devetdpeterate
through the small active sites in a large dividieel s

foreach (Site smallSite in largeSite) {

-

If the site is a small site, this method return@anmerator which
iterates through one site: the small site its#lthe site is a large
undivided site, this method returns an “empty” eeuator which

doesn't iterate through any small sites.

3.3.7 AllIChildren Property

This new property returns an enumerator that gsrétrough all the
small sites (active and inactive) for a large suioidid site. If the site
is a large undivided site, then this property mesein “empty”
enumerator. If the site is a small site, thenethemerator iterates
through just one site: the small site itself.

Alternative name: “AllSmallSites”

-10 -
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3.3.8 GetChild Method

This new method returns a small site within a lasgledivided site.
The parameter is the small site’s location witlhie targe site.
Therefore, if the parameter is location (1,1), themupper-left small
site is returned. If the location is out-of-bourfdsvy or column is not
between 1 an#l), then the method returns a null site.

Null site is returned by the default constructotiué new Site value
type. Its location is (0, 0) (returned by the Lboa’s default
constructor), and its landscape is null. Wouldeawboolean property
called IsNull be useful? Alternative names: IsZds¥alid, Exists

3.3.9 IsMutable Property

This existing property will be removed. It's neddsecause sites are
implemented as objects (i.e., a reference type) sée iterators
(enumerators) use mutable versions of site objeatsinimize object
creation.

The development of various extensions has demaedtthe need for
immutable versions of site objects. But accordmthe .NET
guidelines for value types, sites should be impleee as a value type
(structs in C#). Since value types are stack-basddutilize copy
semantics for assignment operations, they are iioheit

Changing the Site type from a reference type talaestype would
eliminate the need to implement an ImmutableSpe §nd would
allow the elimination of existing mutable classes.

This change would break binary compatibility fot &xtensions.
However, source compatibility may still be possi{@eurce
compatibility = no changes to source code, justinegecompile the
extension).

3.4 Site Variables

Site variables are data structures for storingspecific information.

A site variable has a distinct value for each a&csite on the
landscape. A site variable handle inactive sitesnie of two ways: 1)
all the inactive sites share a single common valu@) each inactive
site has its own distinct value. The former vaoiatuses less memory
and is used much more frequently by extensions.

-11 -
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3.4.1 Large Subdivided Sites

How are large subdivided sites handled? A sitealde doesn’t
allocate memory for large subdivided sites; it oaljpcates memory
for small active sites and large active undividedss In other words,
if a site variable is indexed with a large subdeddsite, what
happens?

One option is to raise an InvalidOperationExcepti@vith this option,
any code using a site variable has to check fgelaubdivided sites
before indexing the site variable.

Another option is to have two new delegate propsenvhich are
called whenever a large subdivided site is useld aiite variable.

class SiteVariable

{

static class Delegates

delegate T GetSubdividedSite<T>(Site site);

delegate void SetSubdividedSite<T>(Site sit e,
T value) ;
}
}
interface ISiteVar<T>
: SiteVariable
{
Delegates.GetSubdividedSite<T> GetSubdividedSit e
{ get; set; }
Delegates.SetSubdividedSite<T> SetSubdividedSit e
{ get; set; }
}

/I example of use

static class FooUtil

{
static Foo GetSubdividedSite(Site site)

/I Maybe average or total the values for
/I the site’s small sites.

}

static void SetSubdividedSite(Site site,
Foo value)

/l Maybe assign the value to all the site’ S

/I small sites. Or, partition the value
/l among the small sites.

-12 -
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}

ISiteVar<Foo> fooVar;

fooVar = Model.Core.Landscape.NewSiteVar<Foo>();
fooVar.GetSubdividedSite = FooUtil.GetSubdividedSit e;
fooVar.SetSubdividedSite = FooUtil.SetSubdividedSit e;

By default, when a site variable is created onal-duale landscape,
these two new delegate properties point to methuatssimply raise
an InvalidOperationException.

3.4.1.1 Limitations

The technique works satisfactorily for site varegbthat store simple
data types (e.g., numbers) for which there arealgiegfined ways to
generate a broad-scale value from fine-scale vaBug.issues arise
with site variables that store more complex dapes$ylike groups of
cohorts at a site. For these data types, it magaléy difficult (or
impossible) to define a technique for generatitgaad-scale value
from fine-scale values.

For example, the succession extension creates-aaiable to store a
group of cohorts for each active site. With a esale landscape, this
site variable has a group of cohorts for each lagive undividedsite
and for each small active site.

Now consider the existing “Max Species Age” outpxitension which
generates maps for maximum cohort age for selegtedies. This
extension iterates through the active broad-ssitds on the
landscape, gets the group of cohorts at eachrsite the cohort site-
variable, and passes each cohort group to a uiilitgtion that
computes the maximum cohort age at the site.

In order to avoid changing this extension’s souw@ge, somehow the
cohort site-variable would need return a broadescahort object
when the variable is indexed with a broad-scaketkiat’s divided.
Not sure if it's possible to define such a broadlsgroup of cohorts
from the groups of cohorts at the fine-scale sites.

3.5 Landscape

3.5.1 Active Site Indexer
The parameter is the site’s location.

-13 -
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Should this location be interpreted at the largals2 This would
mean that existing source code would be treatespasating at the
large scale.

3.5.2 GetSite Method
The parameter is the site’s location.

Should this location be interpreted at the largals2 This would
mean that existing source code would be treatespasating at the
large scale.

Need to define an overload of this method thatdakeecond
parameter which is a scale value. The second mdeanmdicates
which scale to use for interpreting the location.

3.5.3 IsValid Method

This existing method determines if a location ibd/gor the
landscape.

Should this location be interpreted at the largals2 This would
mean that existing source code would be treatespasating at the
large scale.

Need to define an overload of this method thatgakeecond
parameter which is a scale value. The second mdeanmdicates
which scale to use for interpreting the location.

3.5.4 Default Site Iterator

Currently, with a single-scale landscape, the Gatigrator method of
a landscape returns an enumerator that iteratesatiibe active sites
in the landscape.

With a dual-scale landscape, should this enumeri¢oate over all
active sites (large and small)? Or should it iter@ver just the large
active sites? The latter approach would mean éxadting source
code would be treated as iterating over activessitethe broad scale.

To avoid changing the source code for existinglstisgale
extensions, this enumerator would iterate ovenatlve sites, both
large and small.

3.5.5 AllSites Property

This existing property returns an enumerator tteaites through all
the sites (active and inactive) on a landscapeavbid changing the

-14 -
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source code for existing single-scale extensidns @numerator
would iterate over all the sites at fine scae described in section 3.6.

For a dual-scale landscape, should this enumeraévate over all
sites (large and small)? Or should it iterate oyest the large sites
(active and inactive)?

3.5.6 AllLargeSites Property

This new property would return an enumerator tteaaites through all
the large sites on a landscape.

3.5.7 ActivelLargeSites Property

This new property would return an enumerator tteaites through all
the active large sites on a landscape.

3.6 Output Maps

How does an extension generate an output map exsfiale?
Currently, to generate a single-scale output map,éxtension
iterates through all the sites (active and inactiga the landscape, so
it can generate pixel values for the output map.

/I Open the output map for writing
foreach (Site site in Model.Core.Landscape.AllSites )

{

/I compute a pixel value for the site
Il write the pixel value to the map

}

What would the loop for a fine-scale map look likéfecifically, what
sort of iterator do we need for the landscapeWduld appear that we
would need an iterator that goes through all threefscale sites on the
landscape. Problem: the landscape is not diviged fine-scale sites

everywhere.

Consider the sample dual-scale landscape in Figurén order to
generate pixel values for a fine-scale output nvegneed to access
the large undivided sites multiple times:

2}
5

Pixel Location
(1,1)
(1,2)
(1,3)

J>)>J>|
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(1,4) B
(1,5) B
(1,6)

(1,11) D
(1,12) D

This same sequence of sites would be repeatetidqguixel locations
in rows 2 and 3. For row 4, this is the sequericates accessed:

Pixel Location Site
(4,1) E
(4,2) E
(4,3) E
(4,4) F1
(4,5) F2
(4,6) F3
(4,7) Gl
(4,8) G2
(4,9) G3
(4,10) H
(4,11) H
(4,12) H

One approach: we create an iterator that retutrsst@s$ in a landscape
at fine scale, recognizing that we will get backhblarge and small
scale sites.

Second approach: we create an iterator for alsitedocationon a
landscape at fine scale, and then use the landsdaptsite(location,
“Fine scale”) method to get each site in turn.

Drawbacks of 2 approach is that inefficiency. Since we're exifllic
getting each site, we can’t construct an enumethtirremembers
where it is in the landscape, and hence retriethegiext site would
be quicker. May need to investigate this closer to confirm)
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4 Design B - Fine-scale Data Sharing

In this design, there is only one scale for sitiee scale. Therefore,
there is no need for a new “Scale” property faesithey are always
fine scale.

The broad scale is simulated by aggregating the fdata block of
adjacent fine-scale sites. In other words, thelblf fine-scale sites
share a single data value in a site variable. iBH®w the current
design of LANDIS-II handles inactive sites acrdss whole
landscape.

Active Ecoregions Inactive Ecoregions

O O 0 O

Figure 3 — Sample ecoregion map

Consider the input map of ecoregions in Figurd®o0 ecoregions are
active (green and tan); the other two ecoregiorstéand blue) are
inactive. If the broad-scale factor is 3, thenheadoy-3 block of
active sites are aggregated if all the sites atedreame ecoregion.
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Therefore, if all the 9 sites in a block (i.e.,radd-scale site) are in the
same active ecoregion, then all the sites sharsaime data value in
site variables.

Figure 4 shows the data indexes assigned to etecii 3tby-3
aggregration is applied to the ecoregion map infac.

Active Ecoregions Inactive Ecoregions
1 2 3 4 5 6 7 8 9 10 11 12
1 k11| 1%2|2|240]|0f0f0]|]o0]oO
2 f1|l1] 1222|2290l o0|loflo]lo]o
3 f1 |1 1t2]2|280l0]ofolo]o
FEFFTEEETEERY. PETE FEEr PrrT S S —
4 F3|3|314|5|6|0|0|o0F19|19]|191
5 53 3 317 8 9 [ 13 ] 14 15519 19 | 19
6 B3| 3| 3910 |11]|12|16|127]|18F19 ]| 19] 192
e ssndennsbunast SN . PF FEPEE PP,
7 o| 0| o0F20|20[2321|22[23]0|0]o0
8 ol o|of20|20|292a[25|0[0]0]o0
9 | o|o|of20|20]|20926|0]0]o0ofo0]o
T A

Figure 4 - Data indexes for sites based on 3-by-3 aggregation

So although there are 66 active sites on the lapgsdhey only
require memory to store 26 data values in eactvaiiable.

4.1 Landscape

4.1.1 Default Site Enumerator

For consistency with the current single-scale LASDI design, the
default site enumerator for a dual-scale landscagas design would
iterate through all the active sites.
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4.1.2 Distinct Active Sites Enumerator

This new type of site enumerator for a landscapeldviterate through
all the distinctactive sites. This would ensure that data vashesed
by active sites are visited only once.

For the example landscape shown in Figure 4, thiéndt-active-site
enumerator would return this sequence of sites:

(1,1)

(1,4)

(4,1)

(4,4)

(4,5)

(4,6)

(4,10)

Wait on implementing this; currently we see no ihiaite need for it.

4.1.3 All Sites Enumerator

This enumerator is typically used for reading inpatps and
generating output maps. It would return every isitdhe landscape in
row-major order, as is currently done in LANDIS-II.

4.1.4 Block Row Buffer

The following chapters describe algorithms for thisdscape design.
Several of those algorithms need to store data angle row of
blocks, i.e., a broad-scale row on the landsc#pblock row buffer

has one data value for each broad-scale colunfreifandscape. Each
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data value is identified by its broad-scale columimg the same
notation used to specify an element in an array:

blockRowBuffer[blockLocation.column] = dataValue

For example, a block row buffer for the landscapEigure 4 would
have 4 data values. These 4 data values arefiddriiy the column
values 1, 2, 3 and 4.

4.1.4.1 Implementation

A block row buffer is essentially an array; therefcan array can be
used to implement it. The only difference is ttit buffer indexes
start at 1, where array indexes start at 0. Buifféexes start at 1 in
order to keep the algorithms simple. There arepossible
approaches to implementing block row buffers wittags:

* Allocate an array ok elements for each buffer whétés the
number of broad-scale columns in the landscapeen/éh
buffer is indexed with a column, compute the airaex on
the fly:

buffer[column] — array[column — 1]

* Allocate an array ok + 1 elements for each buffer whéees
the number of broad-scale columns in the landscépleen a
buffer is indexed with a column, simply use theucoh as the
array index:

buffer[column] - array[column]

The space-vs-time tradeoff with this approachfiftst element
in the array (index = 0) is not used, in excharggenbt having
to compute the array index for each access.
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5 Input Data

5.1 Dual-Scale in Scenarios

* How does the user specify that a scenario usealesdale
landscape?

* How does the user specify the resolution of the $oales?
* How does the user indicate which large sites doelisided?
* How does the user indicate which small sites atige

5.1.1 Ecoregions Map at Fine Scale

Current idea is to have the ecoregions map atitieestale. Then the
user uses a new parameter to denote the integépheulfor the
broad scalel(in Equation 1).

5.1.2 New DualScale Parameter

This is a new parameter for the scenario file (dempter 4 in the
LANDIS-II Model User Guide It comes after the CellLength
parameter. The parameter is optional to maintagkward
compatibility. If the parameter is not presengérthihe landscape is
single-scale.

If the parameter is present, then the resolutiath@®ecoregions map is
the fine scale, and the parameter’s value represkeatmultiplier for
computing the broad scale.

LandisData Scenario

Ecoregions  path/to/ecoregions.txt
EcoregionsMap path/to/ecoregions/map.gis

CellLength 100 << meters
DualScale 5 << broad-scale multipiler

InitialCommunities  path/to/init-communities.tx t
InitialCommunitiesMap path/to/init-communities.gi S

-21 -



Dual-scale Landscape for LANDIS-II Concepts & Design

If the parameter is present, the initial-commusiti@eap is expected to
be at the same resolution of the ecoregions mep fine-scale).

Maybe this parameter should be named BroadScalgalt?
BroadScaleFactor?or now, we’ll just go with DualScale

Should this parameter be located before the Ecoregparameter?
Don’t see any advantage to having it before thedrpater.

5.2 Scale of Input Maps

An input map can either be at the large scale ®fitte scale.

The resolution for an input map for an extensiobased on the scale
at which the extension operates. If the extensambeen developed
to operate at the broader scale, then it will ekgeanput maps to be
at the larger resolution. If the extension hastm/eloped to operate
at the finer scale, then it will expect finer-ragan input maps.

A broad-scale extension is responsible for handdimgl data for large
sites that are subdivided. Depending upon the ¢ypaput data, the
extension may replicate the large site’ data vé&bueall its small sites,
or the extension may subdivide the large site’a @atue among all its
small sites.

Conversely, a fine-scale extension is responsdi@édndling pixel
data for large sites that are not subdivided. aHarge undivided site,
the extension must combine the pixel data fortedldorresponding
small sites in the input map into a single dataigalDepending upon
the type of input data, this combination may bemmation, an
average, or one of the pixel data values selecteddjority rule (see
next section).

5.2.1 Selecting a Fine-Scale Value by Majority Rule

Majority rule is an algorithm for selecting a siaglalue among the
pixel values of the sites in a block in a fine-sdalput map.
Essentially, the pixel value that appears the rfreguently in the
block is selected. If two or more pixel values @gpthe most
frequently in the block, then one of those valsesandomly selected.

5.2.2 Ecoregions and Initial Communities at Broad Scale

Idea for having the ecoregions and initial-commymiaps at broad
scale. Map codes would indicate whether a broatesite is divided
or not and howt’s divided. For example, one map code may
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represent that the site belongs to ecoregion Ximnddivided.
Another map code may represent that the site idetivwith its
leftmost column of small sites all belonging to egpon X and all the
other small sites belonging to ecoregion Y.

The number of map codes needed would depend tlag{sicale
multiplier (, i.e., the number of small sites per large saajl how
many combinations exist on the landscape.

Need to describe this idea more fully. I1t'd likeky more work for the
modeler to prepare these type of input maps, my'dbe smaller
files. Probably need to develop tools to help nwdarepare input
files. Just wanted to record the idea. Note: thesa motivated by
Design A — Two Sizes of Sites (chapter 3), and doeapply to
Design B — Fine-scale Data Sharing (chapter 4).

5.3 Initial Communities Map

5.3.1 Fine-scale Data Sharing

With this design, the initial communities map isefiscale. The
succession extension reads this map to initiahizecohorts at each
active site. Active sites with unique data indeasssprocessed in the
same manner as currently done in LANDIS-II: théi@icommunity
associated with a site is used to initialize thiafsset of cohorts.

Active sites that share data indexes are handféstelntly. If all the
sites in a block (broad-scale site) share a sidgla index, then they
will share a single set of cohorts. One initialnzounity must be
identified to initialize this set of cohorts. Thammunity is
determined by majority rule (section 5.2.1).

5.3.1.1 Algorithm

In order to record how frequent initial communitaggpear in a block,
this algorithm uses a block row buffer of dictiolear Each dictionary
records which initial communities appear in itscasasted block, and
how frequently. The keys used to index the dicrgrare the map
codes of the initial communities. The value assed with a key
(community’s map code) is the # of times that tbenmunity appears
in the block.
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with initial-communities map:
foreach site in landscape.AllSites:
read pixel from map
if site.IsActive:
communityMapCode = pixel.Band0
if site.SharesData:
blockLocation = site.BroadScaleLocation
dictionary = buffer[blockLocation.Column]
if dictionary.HasKey(communityMapCode):
dictionary[communityMapCode] += 1
else
dictionary[communityMapCode] = 1

lowerRight = Location(landscape.BlockSize,

landscape.BlockSize)
if site.LocationInBlock = lowerRight:

/I last site in the block, so process the
/I dictionary

community = mostCommonCommunity(dictionary)
initializeCohorts(site, community)
dictionary.RemoveAll()

else
// the same initialization as currently done
/l'in LANDIS-II for an active site with an
/[ unique data index
community = lookup(communityMapCode)
initializeCohorts(site, community)

The highlighted parts in the algorithm above repneghanges to the
current LANDIS-II design.
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6 Output Extensions

This chapter examines the design options in reldtovarious
existing LANDIS-II output extensions.

6.1 Age Output Extension
The main processing loop in this extension is:

foreach species in selectedSpecies:
open output map using species’ name
foreach site in landscape.AllSites:
if site.IsActive:
age = computeMaxAge(cohorts[site][species])
else
age=0
pixel.BandO = age
write pixel to map
close map

6.1.1 Two Site Sizes

This design option can preserve the functionalitths main loop. In
other words, if the AllSites enumerator works asadiéed in section
3.5.5, then source code will produce the correqigweith a dual-scale
landscape.

However, because large subdivided sites are retumatiple times
by the AllSites enumerator, the maximum-age catmiras repeated
unnecessarily for each active small site in a laxgmlivided site. In
effect, the loop is executed as many times as utidvbe with a single-
scale landscape at fine-scale. Hence the exterakes the same
amount of time to execute as it would running averhole landscape
at fine-scale.

6.1.2 Fine-scale Data Sharing

This design option can also preserve the functitynaf this main
loop. Thus the extension will produce the correaps with a dual-
scale landscape.

However, this design also has the same issue ejitbating the
maximum-age calculation unnecessarily on the sanefsite
cohorts. Specifically, if a block of active sitdsares a set of site
cohorts, then the main loop will calculate the maxmn age for those
cohorts for each active site in the block. Soekiension takes the
same amount of time to execute as it would runoiey a whole
landscape at fine-scale.
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6.1.3 Correcting Performance Penalty

The performance penalty described in the previamgssections arises
because the current design of the extension’s fnamassumes that
each active data value will only accessed onces 8$sumption is not
valid for the dual-scale landscapes.

In order to manifest the performance gain thabssgble with either
dual-scale designs, we must somehow save the maxiges for
those sites that share data values. Specificdhlyextension would
need to have an max-age site variable. The mamumuld be split
into two loops: the first loop which assign thisangite variable, and
the second loop creating the output map.

maxAge.InactiveSiteValues = 0
foreach species in selectedSpecies:
foreach active site in landscape: // default enum erator
maxAge([site] = computeMaxAge(cohorts[site][specie s])

open output map using species’ hame
foreach site in landscape.AllSites:
pixel.Band0 = maxAge|site]
write pixel to map
close map

6.1.3.1 Traversing the Landscape Once

Although the source code modification describetheprevious
section eliminates repetitions of the maximum-aglewdations, it still
traverses the landscape twice for each speciesisidg a couple new
properties to the Site data type, the main loopbmamodified to
traverse the landscape once.

maxAge.InactiveSiteValues = 0
foreach species in selectedSpecies:
open output map using species’ hame
foreach site in landscape.AllSites:
if site.IsActive:
if site.SharesData:
if site.LocationInBlock = (1,1):
age = computeMaxAge(cohorts[site][species])
maxAge([site] = age
else:
/I already computed age for the block
age = maxAge(site]
else:
age = computeMaxAge(cohorts[site][species])
pixel.Band0 = age
write pixel to map
close map
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Although the algorithm above generates an age wrap $ingle
species with one pass through the landscape,staisée variable for
buffering purposes when a single block row buffection 4.1.4) is
adequate.

foreach species in selectedSpecies:
open output map using species’ hame
foreach site in landscape.AllSites:
if site.IsActive:
if site.SharesData:
blockLocation = site.BroadScaleLocation
if site.LocationInBlock = (1,1):
age = computeMaxAge(cohorts[site][species])
buffer[blockLocation.Column] = age
else:
/I already computed age for the block
age = buffer[blockLocation.Column]

else:
age = computeMaxAge(cohorts[site][species])
else:
/I site is inactive
age=0

pixel.Band0 = age
write pixel to map
close map

Depending upon the size of landscape and the anobagigregation
possible, the difference in memory usage betwesteaariable and a
block row buffer is very significant. For exampllee ecoregion map
for the TNC study area is 6,512 rows by 10,177 mwwis. Therefore, a
row block buffer will need memory for 10,178 datameents (see
section 4.1.4.1).

The optimal block size for this map, in terms af thaximum data
sharing (i.e., the smallest number of unique dadaxes), has been
determined to be 3-by-3. With this optimal blockes a site variable
with one data value shared by all inactive sitdsivéied memory for
7,830,886 data values — nearly #ifies the memory needed for a
block row buffer.

6.2 Reclass Extensions

This section applies to both the base Reclass swteand the
Biomass Reclass extension. The main processinqmitothese
extension is:
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foreach mapDefinition in map definitions:
open output map using map’s name
forestTypes = map definition’s forest types
foreach site in landscape.AllSites:
if site.IsActive:
forestType = computeForestType(site, forestTypes )
else
forestType =0
pixel.Band0 = forestType
write pixel to map
close map

6.2.1 Two Site Sizes

As with the Age Output extension, this design aptian preserve the
functionality of this main loop. The source codéd produce the
correct maps with a dual-scale landscape. Howéweil] suffer the
same performance issue as described with the AgeuOExtension.

6.2.2 Fine-scale Data Sharing

As with the Age Output extension, this design apttan preserve the
functionality of this main loop. The source codé produce the
correct maps with a dual-scale landscape. Howéweil] suffer the
same performance issue as described with the AgguOExtension.
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7 Succession

This chapter examines the design options in reldtbosuccession in
LANDIS-II — the existing succession extensions #relcomponent
(library) that they share.

7.1 Two Sizes of Sites

» Sufficient Light — Operates at the fine scale beeaihe shade
at a site is based on the cohorts present, andseaal site has
its own set of cohorts.

» Establishment — Operates at the fine scale, siacke emall site
is associated with a particular ecoregion.

These two conditions affect various forms of repicichn.

7.1.1 Seeding

Mature Present — At large scale: a species is presea large divided
site if it's present at least one of the smallssite

7.2 Fine-Scale Data Sharing

In the current single-scale version of LANDIS-hgtalgorithm for
cohort reproduction in the succession componerdtés through all
the active sites selected for successiofhis algorithm needs to be
modified to accommodate the situation where adites share data
indexes.

7.2.1 Serotiny and Resprouting

These two forms of reproduction are stochastibat €ach form
involves a probability (serotiny: probability oftablishment;
resprouting: probability of vegetative sproutingjor example,
suppose a serotinous species is burned at an adiyand it has an
establishment probability of 22% for that site’®ragion. If there is
sufficient light at the site, the reproduction aigam will generate a
random number in the range [0.0, 1.0], and compdoethe species’
establishment probability. If the numberishe probability (0.22),
the species reproduces. In other words, eveght konditions are

1 If the current timestep is a succession timegtem all the active sites on the landscape deetsel. If the
current timestep is not a succession timestep ¢irdy a disturbance timestep), then just thosweasites that
have disturbed are selected.
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right, there’s a 78% probability that the specidénot reproduce via
serotiny.

But suppose that the serotinous species is inck l@bburned active
sites sharing data. And suppose that the brodd-&uztor,k, is 3 so
the block has 9 sites. The reproduction algorithust only consider
serotiny once for the whole block. If the algomititonsiders serotiny
for each site in the block, it will generate 9 ramdnumbers. The
probability that serotiny will fail in all 9 attenpis (78% = 10.7%.
In other words, the species would have a 89.3%ainiity of
reproducing in that block by serotiny!

This issue applies to resprouting as well. Therligm must only
consider resprouting once for a block of activessthat share data.

7.2.2 Seeding

Unlike the other forms of reproduction, seedingpatially-dependent.
What the seeding algorithm does at a site depepais the conditions
at neighboring sites. The algorithm determinessthe of the
neighborhood to search based on a species’ maxiseening
distance. It's possible that some sites in a blyekinside that
neighborhood while the rest of the block’s sites @utside. For
example, in Figure 5, only the gray sites in they44 block could
potentially seed site (5, 7).

Block of
active sites
sharing data

a b W N P

N Max seeding ’
b distance for a J/
species ’

Figure 5 - Example of seeding neighborhood
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Therefore, even if a block of active sites shaags,dhe seeding
algorithm must iterate through all the block’s site

Furthermore, the algorithm does not terminate tér@tions early if a
species seeds into one of the block’s sites. #troontinue through all
the remaining sites in the block because otheriepeaust still be
considered. So as the algorithm processes thanegmaites, it must
skip those species which have already seeded soanewito the
block. Essentially, it must avoid adding more tloze new cohort for
a species to the set of cohorts shared by the sladks.

/I successionSites: sites where succession takes pl ace for
I the current timestep
foreach active site in successionSites:
if site.SharesData:
blockColumn = site.BroadScaleLocation.Column
if site.LocationInBlock = (1,1):
/I First site in block, so try other forms of
/l reproduction besides seeding. If none of
// those are successful, then consider seeding.
tryPlantingThenSerotinyAndResproutingAt(site)

I trySeeding: block-row buffer of Boolean values;

I each column value indicates wheth er
I seeding should be tried at sites in
I that block column
/l hasSeeded: block-row buffer of Boolean arrays;
I each column value is an array
I indexed by species; the array
I element for a species indicates if
I the species has seeded sites in
I that block column

if no species reproduced:
trySeeding[blockColumn] = true
for each species:
hasSeeded[blockColumn][species] = false
else:
trySeeding[blockColumn] = false

/I For a site in a block, try seeding if enabled.
if trySeeding[blockColumn]:
for each species:
if hasSeeded[blockColumn][species]:
I skip species; do nothing
else if seedsinto(site, species):
hasSeeded[blockColumn][species] = true

else:
/I active site has unique data index, so do the ste ps
/l'in the current version of LANDIS-II
tryPlantingThenSerotinyAndResproutingAt(site)
if no species reproduced:
for each species:
check if species seeds into site
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8 Disturbances

This chapter examines the design options in reldtovarious
existing LANDIS-II disturbances extensions.

* How does dual-scale impact the disturbance integfat the
cohort libraries, and the implementation of thegerfaces in
various disturbance extensions?

8.1 AgeCohort.IDisturbance Interface

8.1.1 CurrentSite Property and Fine-scale Data Sharing

The CurrentSite Property of this interface represéme current active
site that a disturbance extension is damaging. ndhdisturbance
event spreads to an active site that shares dhtd,happens?

According to the current version of LANDIS-II, ti&urrentSite
property is set to the particular site in the bltiwkt the disturbance
reaches. Note that this site is not necessamd\ptock’s upper-left
site, i.e., site.LocationInBlock could be (1,1)nmt.

This interface is used by cohort libraries to gébimation about the
current disturbance. This information is then pdssnto the
succession extension via a cohort-death eventesiomonse to the
event, the extension records that the site whereahort died has
been disturbed. The extension also checks ificeidams of
reproduction should be flagged for later considerabased on the
type of the disturbance event (for example, flagtsay if the
disturbance is a fire).

This information — which sites have been disturlzed what forms of
reproduction are to be considered — is storediénvsiriables.
Therefore, information stored for an active sitattthares data will
affect all the sites in that block. So, all thiesiin the block will be
treated as disturbed sites, and the appropriatedaptive forms will
be considered when the cohort reproduction algorpinocesses the
block’s sites (see section 7.2.2).

Based on this assessment, the current implememtatio use of the
CurrentSite property will work with fine-scale dagharing.
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9 Wind Extension

This chapter examines the design options in reidtahe wind
disturbance extension.

9.1 Event Spreading

After the extension determines that a wind eveartsat an active
site, it spreads the event neighboring sites uiisgalgorithm:

/I sitesToConsider : list of neighboring sites that the

I event might spread to.

/I getNeighbors : determines which neighbors of a s ite that
I an event may spread to. 9 neighb ors are
I examined: the 8 nearest plus one neighbor
I in the second ring that lies down wind

1 from the site. The function uses the

I event's wind intensity to stochastically

1 determine which of the 9 sites are

I returned.

event.Area =0
sitesToConsider = { initialSite }

while event.Area < event.DesiredArea and
sitesToConsider is not empty:

selectedSite = randomly selected site in sitesToCo nsider
remove selectedSite from sitesToConsider
add selectedSite to the event’s list of sites

siteVars.Event[selectedSite] = event

if selectedSite.IsActive:
damage cohorts[selectedSite]
compute siteSeverity
siteVars.Severity[selectedSite] = siteSeverity
if siteSeverity > 0:
sitesDamaged +=1

event.Area += landscape.CellArea
if event.Area < event.DesiredArea:
for each neighbor in getNeighbors(selectedSite):
if neighbor is not in sitesToConsider and
siteVars.Event [neighbor] = null:
add neighbor to sitesToConsider

9.1.1 Fine-scale Data Sharing

If an event spreads to an active site that shates then all the other
active sites that share the same data index aveadted to the event.
In other words, if an event spreads into a blochative sites sharing
data, then all the block’s sites are added at tmtlee event. As a
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consequence, the event’'s area may exceed thedlasa@ by several
cell sizes.

In the case where an event starts at an activensitélock of active
sites sharing data, then all the block’s sitesagdided together to the
event.

/I sitesToConsider : (see comment in previous secti on)
/I getNeighbors : (see comment in previous section)

event.Area =0

sitesToConsider = { initialSite }

while event.Area < event.DesiredArea and
sitesToConsider is not empty:

selectedSite = randomly selected site in sitesToCo nsider
remove selectedSite from sitesToConsider
add selectedSite to the event’s list of sites

siteVars.Event[selectedSite] = event

if selectedSite.IsActive:
damage cohorts[selectedSite]
compute siteSeverity
siteVars.Severity[selectedSite] = siteSeverity
if siteSeverity > 0:
if selectedSite.SharesData:
sitesDamaged += landscape.SitesPerBlock
else:
sitesDamaged += 1

if selectedSite.SharesData:
event.Area += landscape.BlockArea
else:
event.Area += landscape.CellArea
if event.Area < event.DesiredArea:
if selectedSite.SharesData:
/I Use a variation of the getNeighbors function
/ that retrieves the fine-scale sites around a
/I block (i.e., broad-scale site).
blockLocation = selectedSite.BroadScaleLocation
neighbors = getNeighbors(blockLocation)
else:
neighbors = getNeighbors(selectedSite)
for each neighbor in neighbors:
if neighbor is not in sitesToConsider and
siteVars.Event[neighbor] = null:
add neighbor to sitesToConsider

9.2 Severity Maps

9.2.1 Two Site Sizes
How is site severity determined for a large dividad?
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10 Harvest Extension

This chapter examines the design options in reldtdhe harvest
disturbance extension.

10.1 Input Maps of Stands and Management Areas

10.1.1 Fine-scale Data Sharing

Majority rule (section 5.2.1) will be used to rehése two input maps.
It should be noted that the use of majority rulalddead to disjoint
stands. For example, consider the sample standmiggure 6; this
stand map applies to the sample landscape with 3#dgcks shown

in Figure 4 (chapter 4).

Active Ecoregions Inactive Ecoregions

O O 0 O

1 f11|22|22%22 (22|22 0|0]|o|oflo]o
2 f1u1|l22|2t2|2|280|0|o0o]o]o]o
3 f11| 22| 282|228 0|lo0]ofoflo]o
e SRS SN, —
4 F11|22|22933|33|33| 0| 0| o0fs5]|55]s55:
5 [11| 11| 2232233 |33(33|44|44f55]55]66}

6 @11 [ 11 [ 229 22 [ 33 | 33 | 33 | 44 | 44 [ 55 | 66 | 66

P Y e, e sssmussudunns"
e

22 | 33 | 334 44 | 44 | 44 0 0 0

44 | 44 | 44 44 | 44 0 0 0 0

Figure 6 — Sample stand map for the landscape in Figure 4
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When majority rule is used to read the stand mdpgare 6, the
associated stand site-variable has the values shokigure 7. Stand
22 not only includes blocks (1,1) and (2,2) — s{te) to (1,6), (2,1)
to (2,6), and (3,1) to (3,6) — but also the twesi{5,4) and (6,4) which

are not adjacent to those blocks.

Active Ecoregions

Inactive Ecoregions

O O O O

1 2 3 4 5 6 7 8 9 10 11 12

1 foo o g2 olololololo
2 | o | 22 | 22 22; oloflo]o|o]o
e mlmizlzlio ool
4 Bu|1|1jas|as|a|o|o|ofss|ss|ss:
5 §11 11 |11d22) 3333|3344 24 55 | 55 555
6 B11 |11 | 11922 33| 33|33 44| aafss|55]558
FISTTT [y e sssmussudunns"

7 ol o] o 44 44 44 44 | 44 |44 ] 0 [ 0| O
8 |o|lolo §44 44 44§ 44 |as|lo0o|lo|lo]|o
o |o|o|okas|aa|asdaa|o]|oflo|lo]o
. snssduuus

Figure 7 - Values in the stand site-variable after reading the

stand map in Figure 6

This example will be reported as an error to thexr.ué\s an aid in

debugging this type of situation, it may be wortlies/ffior the

extension to generate an output map from the staedariable.

Another possible consequence of the use of majarigywhen

reading the input maps for stand and managemesgas & the mis-
alignment of stands and management areas. Corb&lexample in
Figure 8. Just three blocks of a 4-by-4 lands@peshown. The
numbers denote the stands in the stand input Mp.colors indicate
the management areas in its input map.
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11 | 11 1_1_11:|T1 11 1_1_77:|77 77 | 77 | 77
11 |11 | 11| 11 |! 11 |12 | 77 | 77 II 77 77| 77| 77y

g1 || 22|22 I; 22|22 | 77| 77 II 77| 77| 77| 7l

l22 [ 22| 22] 22 I| 22 | 22 | 77| 77 I| 77| 77| 77| 77

Figure 8 - Superimposed stand map (numbers) and
management-area map (colors) for a 4-by-4
landscape

Figure 9 shows the values in the stand and managesmea site-
variables after using majority rule (section 5.2dljead the maps in
Figure 8. The green management area is the domiaare in block
(1,2); however, the dominant value for that blackhe stand map is
stand 77 which belongs to the tan management diearefore, stand
77 ends up in two management areas which is an erro

11| 11 | 11| 11 I| 7\ 77| 77| 77 || 77 | 77 | 77| 77 1
Ir [
0 ||| n II 77 | 77| 77| 77 II 7777|7777
[
L
| 11 |11 | 11| 11 II 77| 77| 7| 77 II 77|77 | 7| 77l
f11 | 12 | 12 11}| 77 | 77 | 77 | 77 I| 77 | 77 | 77| 77

Figure 9 - Values in the site variables for stands (numbers)
and management-areas (colors) after reading the
maps in Figure 8

Again, as an aid to the user to debug this typermfr, it may be
worthwhile to produce an output map of the manageragea site-

variable.
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11 Fire Extension
This extension is lower priority relative to othlextensions.

11.1 Input Map of Fire Ecoregions

11.1.1 Fine-scale Data Sharing
Majority-rule (section 5.2.1) will be used to regs input map.

11.2 Event Spreading

11.2.1 Fine-scale Data Sharing

This extension’s spread algorithm will be modifiadhe same
manner as the spread algorithm for the wind ex¢éen&@ection 9.1.1).
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