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ABSTRACT

Design patterns have been widely adopted for Indldlexible

and extensible applications. This can come atsha ebreduced
performance which may not be acceptable for contioumizlly

intensive scientific applications. We claim thhaere are certain
design patterns that when used properly can enhaatbesystem
performance and flexibility and thus greatly beneftientific

software. Software engineers can use these insightdesign
flexible systems that also deliver on performangetentially

saving days of runtime on long simulations as waslireducing
memory consumption significantly.

We investigate the effects of some of the desigtieps on
performance of scientific applications through ataded
measurement and profiling of CompuCell3D, whiclaisoftware
framework for three-dimensional (3D) modeling of
morphogenesis, a stage in embryonic developmentewbells
cluster into tissues and organs. By examining CdDeti@D
subsystems with and without design patterns, wéduate their
impact on application performance and maintaingbili

We find that as the application is continually actbred to
support additional functionality, not using desigmatterns
significantly degrades application performance. al¢® present a
scientific design pattern Dynamic Class Node (DGigcovered
during our experimentation. The pattern showed tbatiguous
allocation of object attributes offers significamtenefits in
performance by reducing page faults and cache migggle still
maintaining flexibility.

Categories and Subject Descriptors
C.4 [Performance of Systemk design studies, performance
attributes.

General Terms
Performance, Measurement, Design, Experimentation
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1. INTRODUCTION

Design patterns have been widely adopted for mgldlexible
and extensible applications. While they have bequloeed for
many years in software engineering, their applicato scientific
software is just beginning to unfold. Until recemtthe bulk of
scientific software was written either in FORTRAN © due to
computational overhead of object-oriented languaaes heavy
emphasis on fast mathematical algorithms in sdier@omputing

1.

This paper investigates the effects of variousgtegiatterns on
speed, memory and maintainability of CompuCell3Q [3], by
redesigning subsystems with and without the usededign

patterns. We implement seven different versions of
CompuCell3D. We have posted all software, confitiarafiles,
and full experimental reports on our web site

http://www.nd.edu/~Icls/CompuCell3Dto allow others to
reproduce the results.

We show that as applications get refactored t@paupdditional
functionality, not using design patterns can resuperformance
degradation. We also present a scientific desatepn Dynamic
Class Node (DCN) which allocates object attribuimstiguously.
We find improvements in speed and memory consumpfis

DCNs over a noncontiguous allocator alternativelevhétaining
maintainability over C structs.

We provide some background on CompuCell3D in $gncfl.

Section 3 provides detailed description of theralitve designs
and design pattern combinations. Section 4 presents

experimental environment, including hardware andtwsoe.

Section 5 discusses our experimental results. at&dlwork is
presented in Section 6, and finally Section 7 piesia discussion
of results and future work.

2. BACKGROUND

CompuCell3D is a software framework for three-disienal
simulation of morphogenesis using a combinatiothef Cellular
Potts Model (CPM) [4] and reaction-diffusion eqoatisolvers
[5], [6]. Itis an extension of a two-dimensiorfi@dmework called
CompuCell [2] The CPM uses cells as the lowest unit of
modeling [7], representing them as groups of pixelsa three-
dimensional lattice.  Each lattice pixel containa @&dex
representing a cell number (or ‘0’ for the surromgdmedium).
At each step of the CPM, a random lattice locaisoselected and
a proposal is made to change (tip) its index to that of a
neighboring pixel. A hypothetical effective energhange is
calculated if this flip were to occur, and is adeepwith a



probability that tends the system towards a sthteweer energy.
The effective energy contains multiple terms wharfive cells
towards certain behaviors which are obtained thnobiglogical
experimentation [8].

CompuCell3D is comprised of subsystems as shovkigiare 1.

Basic Utilities provides basic data structures atility
functions.

Automaton encapsulates different cell types.
provides a method of categorizing cells by behavior

Field3D implements the mathematical grid for
representing cells and the surrounding medium.

Potts3D implements the Cellular Potts Model (CPM)

Plugins manage access to a dynamically loadedfset o
features whose inclusion is optional for particular

simulations and thus do not implement core
functionality.

| Plugins |

| Potts3D |

1 1 |

‘ Automaton H Field3D ‘

i i

‘ Basic Utilities |

Fig 1. CompuCell3D Architecture

3. DESIGN ALTERNATIVES

We modified core subsystems of CompuCell3D and tecea
different versions, some of which use design pastemd others
do not. The versions that do not use design pattevere
implemented with simple and easy to understandgdeshoices,
reflecting something a programmer could implemerithout
being familiar with design patterns. Accordinglye vdesigned
seven versions of the application: three withoutigle patterns
and four with design patterns. We now describedtérsgns.

3.1 Reference Field3D Implementation
Without Design Patterns (A)

Field3D is responsible for the mathematical griat fimulates the
environment, including cells and the external mediuThis

reference implementation uses a No Flux Boundagriahm that

allows the grid to simulate a finite boundary falls. Figure 2
shows the class diagram for the implementation.

This

Field3DImpl

-boundary_x : string
-boundary_y : string
-boundary_z : string

+getNeighbor()

Fig 2. Reference Implementation

The getNeighbor() function is responsible for sther valid
neighbors for a pixel and also implements the NoxBoundary
algorithm. This algorithm determines the selectezigimbor’s
position and if it lies outside the boundary, dissait and
reselects.

3.2 Refactored Field3D With Design
Patterns (B)

Reference implementation A, although simple, tiglsthuples the
grid with boundary conditions. The design motivaticere is to
decouple them, allowing the grid to incorporatdedént types of
boundary conditions. We use a combination of FaciBtrategy
and Singleton [9] patterns to achieve this goale Tesign is
shown in Figure 3.

Field3DImpl

+getNeighbor ()

|

i

1
N/

BoundaryStrategy

-boundary_x: Boundary F—
-boundary_y : Boundary
-boundary_z : Boundary
-singleton : BoundaryStrategy
+getNeighbor ()
+isValid()

[rgetinstance()

V. 1\
Boundary BoundaryFactory
+applyCondition() +createBoundary()|

NoFluxBoundary

+applyCondition()

Fig 3. Field3D refactored with design patterns

NoFluxBoundary is implemented as a strategy arsthiiated
using a factory. Field3DImpl delegates the respunlityi of
selecting valid neighbors to BoundaryStrategy, Whids
implemented as a singleton. This ensures thatamdyinstance of
the boundary strategy is created and is globatigssible.

3.3  Extend Field3D Without Design

Patterns (C)

The reference implementation of Field3D (A) is exted here to
support additional boundary algorithms without gsidesign
patterns. In this case, the implementation now stip Periodic
Boundary that implements wraparound. Meaning,niéahbor is



found outside of the grid boundaries, it is wrappeaund to the
other side of the grid. The class diagram is asctlghin Figure 4.

Field3DImpl
-boundary_x : string
-boundary_y : string
-boundary_z : string
+getNeighbor()
+applyBoundaryCondition()

Fig 4. Reference implementation extended without c&gn
patterns.

When a neighbor is selected, applyBoundaryCondjtiois
invoked to validate it. The boundary conditions anplemented
as part of the function. It uses a boundary flagufiary x,
boundary_y, boundary_z) to determine the approp@dgorithm
to apply using a conditional clause.

Field3DImpl

+getNeighbor ()
T

|

i

1
N/

BoundaryStrategy

-boundary_x : Boundary R
-boundary_y : Boundary
-boundary_z : Boundary
-singleton : BoundaryStrateg
+getNeighbor()

+isValid()

+getinstance()

v
BoundaryFactory

Boundary

+applyCondition()

7N
| |

PeriodicBoundary NoFluxBoundary

+createBoundary()

+applyCondition() +applyCondition()

Fig 5. Field3D extended with design patterns

3.4
(D)
The Field3D design B is extended here to supporiofie
Boundary algorithm. The algorithm is implementedaastrategy
similar to the No Flux algorithm. This diagrantlss identical to

B except for one more class PeriodicBoundary whiite
NoFluxBoundary inherits from Boundary and overrides
applyCondition(). The design is as shown in Figure 5

3.5
3.5.1

Ensure contiguous allocation of individual setsatifibutes to
avoid page faults and cache misses.

Extend Field3D With Design Patterns

Dynamic Class Nodes
Intent

3.5.2 Motivation

In a given scientific simulation, there can be thands of
simulated objects each containing multiple attiéisug.g in the
case of CompuCell3D, cells contain volume, surfacen, type,
etc.). Per simulation step, there can be milliohaccesses made
to these objects, potentially requiring accesshiesé attributes
each time. The quantity and unpredictable sizekeaxfe attributes
leads to a potential for a high frequency of cactigses, or page
faults, the latter of which can lead to thrashinfhese can be
avoided by building a pattern that takes advantafydikely
temporal locality of an object’s attributes. Thattprn should
allocate all attributes contiguously for each ohjemposing
spatial locality on attribute sets. As a reswhen an attribute is
brought into the page table or cache, all attribdte that object
could be brought in as well, avoiding the needdaccess main
memory.

Although FORTRAN [10] or C structs would providentiguous

allocation, they are lacking in flexibility. Arsict could be used
to encapsulate cell attributes, but it would neele global for all

objects, and would entail modification for each wiation that

requires attribute changes. This motivated creatdd the

Dynamic Class Node (DCN) to represent object attab which

can be associated with a dynamically loaded plligrary in the

case of CompuCell3D [11]. These are added or rechdrom a

simulation through a reference in an input configion file. This

process is much easier than modifying a global cstmand

recompiling the framework at every attribute chandgy using

DCNs to represent cell attributes in CompuCell3[@, gan thus
maintain a flexible framework while also allocatiragtributes

contiguously.

3.5.3 Applicability

Use the DCN pattern when:

you have multiple simulation objects that each himeesame
set of attributes (although values can differ), and

the data types of attributes are primitive

3.5.4 Structure

UML for the DCN pattern is shown in Figure 6. \Whem object
attribute is specified, its data type is used tompiate the
BasicDynamicClassNode interface.
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¢

BasicDynamicClassNodeBase BasicDynamicClassFactory
-factory -classSize

-offset -numClasses

+init() -nodes

+getSize() +create()

+getNode() +destroy()

+registerNode() +registerNode()
+setOffset()

A |

BasicDynamicClassNode<X>

+init()
+get()

XDynamicClassNode

-varl
-var2

+init()

Figure 6. UML for the Dynamic Class Node design ptern.

3.5.5 Participants
BasicDynamicClassNodeBase

The highest interface in a two-level hierarchy éb sp an
individual DCN.

Contains an address offset, which is added to ddeeas
of simulation object pointers to obtain the atttdau

Contains accessor methods for the size of the DEN i
bytes, its offset, and its pointer, and also a oetto
register the DCN with a BasicDynamicClassFactory
which will create objects with the appropriate DCN
attributes.

BasicDynamicClassNode<X>
Middle level in the DCN hierarchy. Simple interfac
Templated with the data type of the DCN.

Overrides methods in BasicDynamicClassNodeBase for
objects of the given type.

XDynamicClassNode
Lowest level in the DCN hierarchy.
DCN for an object of data type X.

Overrides the init() method, to initialize an X ebj
appropriately (for example, X may be a struct

A DCN attribute data type. Encapsulates whatewta d
members are necessary for an attribute (for example
volume could contain one integer; center of mass
could contain three integer coordinates, etc.)

BasicDynamicClassFactory

Uses the Factory [12] pattern to create and destroy
simulation objects, where each object is allocated
amount of memory amounting to the sum of all
registered DCNs.

Contains a method to register a DCN.

Contains data members for the total simulation aljee
(in bytes) and also the number of registered DG s,
well as accessor methods.

3.5.6 Collaborations

BasicDynamicClassNodeBase relies on its subclagses
define the init() method, so that a DCN of the appiate type
is created and initialized properly.

XDynamicClassNode relies on X to only encapsulaaad
members with types that do not require constructor
invocation.

BasicDynamicClassNodeBase depends
BasicDynamicClassFactory to register attributesperly for
each Cell object in a simulation.

on

3.5.7 Consequences

When an attribute is declared as a DCN, it is sybsetly
registered with a Dynamic Class Node factory, whirdes the
Factory design pattern. At the point of registmtithis attribute
becomes associated with every object. Upon registr, the
attribute gets an offset which is the sum in bytésall DCNs
registered thus far. All objects are representegdanters, and to
access attribute y of object x, assuming y hagbffsthe location
in memory is defined as <address of object x>+guie 7 shows
an example with three DCNs associated with a sitredlaell in
CompuCell3D with sizes of 12, 8, and 12 bytes retpaly,
assuming a block size of 4 bytes.

Cell Attribute 2
DCN

—
__

Cell Attribute 1 Cell Attribute 3
DCN DCN

Cell

containing three data members; each of these naust b Figure 7. Allocation of a Cell with three DCNs of &es 12, 8,
initialized). This method is implicitly called bthe and 12 bytes respectively, assuming a block size 4fbytes.
pattern, not the constructor, and thus objects with From [3].

constructors cannot be used as DCNs.



3.5.8

We now give an example of the DCN usage in ComdB80el To

create a new Cell attribute using the DCN pattehe first

requirement is to encapsulate all data membershrattribute
within a structure. For example, to represent cefiter of mass
(COM), we would need to allocate 12 bytes for eeelh one for
each integer coordinate x, y and z, as the CPMatgeron a
lattice with integer coordinate locations. Sindledata member
types are primitive we can encapsulate this wighfthlowing:

class COM {
public:

Implementation

int x;

inty;

int z;
h

The next step is to template a dynamic class nattethe COM
data type, and override the init() method. For nee will
initialize each coordinate to zero.

class COMDynamicClassNode :
public BasicDynamicClassNode<COM> {
virtual void init(COM* com) {

com->x = com->y = com->z = 0;

}

Next, it is necessary to create a factory for celted register this
new DCN. At this point, any cells created by tfastory will
have 12 bytes allocated for its center of masss phemory for
any other registered DCNs.

BasicDynamicClassFactory<Cell*>cellFactory;
COMDynamicClassNode comDCN,;
comDCN.registerNode(&cellFactory);

Finally, we can create a cell by invoking the ce€amethod of
the factory, and access the center of mass DCNgking its

get() method. The center of mass DCN knows its offset from

the passed Cell pointer, and its value can be sedesr changed
accordingly. For example, the following code sepwill create

a cell and set the z-coordinate of its center cfsna 3:

Cell* myCell = (Cell*)cellFactory.create();
comDCN.get(myCell)->x = 3;

3.5.9 Availability

The DCN libraries are available within the Compu8RIpackage
and also the BasicUtils package [13].

3.6  Class Groups

We compare DCNs to a noncontiguous attribute altocahe
ClassGroup [13]. ClassGroups offer the tradeoffatbwing
attributes to invoke constructors or to be of &l class (neither
of which DCNs allow), but sacrificing contiguousoaiation. The
class diagram is depicted in figure 8.

BasicClassGroup BasicClassGroupFactory
_classes -classFactories
-size +registerClass()
+getClass() +create()

7 +destroy()

I

l

==

v/

BasicClassAccessorBase
Sd BasicClassAccessor
+CreateClassFactory()
+setld() +get()
+getClass() +createClassFactory()
CenterOfMassAccessor CellVolumeAccessor
+init() +init()

T T
| |
=4 F—
| |
| |

.
CellCenterOfMass CellVolume
X ?nt -volume : int
-y rint

Figure 8. Using ClassGroups

A BasicClassGroup keeps an array of pointers talésses and
the size of this array. A group is allocated by
BasicClassGroupFactory in the create() method, deadlocated
by the destroy() method. Classes for created BiassGroups
are registered by invoking registerClass(). Faassés with
constructors, corresponding factories are kept he frray
classFactories.

An additional BasicClassAccessor interface is mteslifor getting
and setting classes. Each class has its own |Daatary (which
can be overridden if a constructor must be invoked¥cessors
are then customized for attributes like CenterOfasd Volume
as shown in the above UML.

a



3.7 C Structs

Another design option that we compare DCNs witth&s simple
C struct representation of cell attributes. Adllattributes are
encapsulated within this struct, as shown in Figure

Cell

-volume : int
-X :int
-y @ int
-z :int

Figure 9. Using C Structs

4. EXPERIMENTAL ENVIRONMENT

4.1.1 Hardware
All tests were run on an HP Workstation xw4100 wath Intel
Pentium 4 3.2 GHZ processor and 1 GB of memory.

4.1.2 Software

The HP Workstation ran Red Hat Linux 9.0, kerndl.21. The
C++ compiler used was g++, version 3.2.3. We ubedflags:
Wall, Werror, O2, ¢, 0 and -DHAVE_CONFIG_H.

5. EXPERIMENTAL RESULTS

To check speed we measure wall clock execution twhe
CompucCell3D, and for memory management we use thexL
'top' command. For maintainability, we review stémsprojected
common extensions to CompuCell3D. We also perfampaict
analysis of incremental changes [14] that resuttmfrthese
extensions.

5.1 Field3D Designs

We compare the results for the four implementatiofisthe
Field3D subsystem. For each implementation, weuatalthree
different configurations:

1000 step simulation with 2 flips per pixel (fpper
step. With the grid dimension set to 71 x 36 x 24&,
execute 2 x 71 x 36 x 211= 1078632 iterations teg.s

1000 step simulation with 4 flips per pixel, pegstOr,
2157264 iterations per step

2000 step simulation with 2 flips per pixel, peefst
Like the first, there are 1078632 iterations pepsbut
the simulation is just run twice as long.

We selected these metrics for variation because néamy

algorithms are applied when neighbors are seardoeedin

CompuCell3D, which is necessary at every flip afiem
Therefore, by increasing the flips per pixel orréasing the
simulation length, we will increase the total numbe flip

attempts in the simulation as a whole. We exe8utens for each
configuration to yield a total of 9 simulations fogach
implementation.

Design A is the reference Field3D implementation

(without design patterns).

Design B is the refactored Field3D with design graus.

Design C is the extended Field3D without design
patterns.

Design D is the extended Field3D with design pager
5.1.1 Performance

Figures 10, 11, and 12 present the simulation tesuln all
graphs:

3450 1

O Design A

3400 1 _ B Design B
= 3350 O Design C [
= =
§ 3300 4 B DesignD| |
2
& 32507
-5}
E 32001
[
g 3150+
g
£ 31001
L
M 3050+

3000 -

2950 + .

1 2 3
Simulations

Figure 10. Execution times (in seconds) for eachidfd3D

design implementation for the configuration: 1000 &eps with 2
flips per pixel per step.

The reference implementation of Field3D for the Ndux
Boundary algorithm (A) is faster than the implenagiain that
uses design patterns (B). This is in line with expectations, as
the use of design patterns creates an overheadodaeditional
classes being involved.

65001 O Design A

H Design B| |
O Design C [
| |EDesignD| |

6400 1

6300 1

1 —

6200 1

6100 1

6000 1

5900 4

5800+

Execution Time (in seconds)

5700+

5600+

5500+ T 7 T

Simulations



Figure 11. Execution times (in seconds) for each &d3D
design implementation for the configuration: 1000 t&eps with 4
flips per pixel per step.

However, as Field3D is extended to support addifi@oundary
algorithms, the performance of Field3D not usingigie pattern
(C) degrades substantially, whereas that of Field8@ended
using design patterns (D) is comparable to B. As provides
support for additional algorithms, the Field3D ieplentation not
using design patterns must now compensate by egeatnd
checking flags for different algorithms. This adiulial

conditional clause in the code causes a performpecalty.

70007 M Design A

800 e EDesign B|_|
= r F O Design
E 6600 - HDesign D ||
8
£ 6400 |
@
5
- 6200+
=]
k=
=
g 6000 -
H
=

5800 -

5600 + :

1 2 3
Simulations

Figure 12. Execution times (in seconds) for each &id3D
design implementation for the configuration: 2000 t&ps with 2
flips per pixel per step.

The Field3D implementations with design patternsidbsuffer a
huge performance penalty because they get arounde so
additional code by instantiating the appropriagogathm at run
time, which is then referenced throughout the satioih. This
explains their performance gain over C.

This behavior is consistently exhibited across edéht
configuration sets, which provides a situation veheot using
design patterns can in fact degrade the performaweethe life
of the application, particularly as it gets exteshde support new
functionality.

5.1.2 Memory Consumption

Figure 13 presents memory consumption for eachemehtation.
The configuration used is 1000 steps with 2 fligs pixel, per
step. We can see that memory consumption is velgtthe same
whether or not you choose to use the design patterdding
support for additional algorithms will pose a slighhigher
memory requirement (as shown by the consumptio@ aehd D
versus A and B).

8.28
H Design A
g 827 BDesign B
ODesign C
g 826 — .
:’ HDesign D
=]
£ 825
g
g
§ 824
4]
B
2]
gj' 823
822
821 AN

Figure 13. Memory Footprint (in MB) for each Field3D design
implementation for the configuration: 1000 steps wh 2 flips
per pixel per step

5.1.3 Maintainability

The loose coupling of grid implementation and baamd
algorithms in Field3D with patterns offers a highvel of
flexibility compared to designs without patternidis strongly
demonstrated when extending Field3D without degigiterns to
support additional boundary algorithms.

Using the strategy pattern allows implementation rodw
boundaries without affecting the grid implementatidhis is in
contrast to when the pattern was not used, and gte
implementation had to be refactored to support tamdil
boundaries, making the implementation error proned a
progressively difficult to keep up with additiordianges.

5.2  Dynamic Class Nodes

We now compare the DCN with ClassGroups [13] anstrGcts.
To ensure no performance penalty due to constructarcation
or forcing a class to create its own factory inssfaroups, we use
only primitive type attributes and do not use aimual classes.

5.2.1 Performance

To evaluate performance, we ran three simulatianshe afore
mentioned platforms: (1) a simulation with 2593Isdbr 1000
steps, (2) a simulation with 2593 cells for 2008pst and (3) a
simulation with 20449 cells for 1000 steps. Insthiay we can
view the effects of the DCN pattern as simulatiength and cell
count vary. Results are given in Figures 14, 16 Hh
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2850 1
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2800 ¢
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Figure 14. Execution times (in seconds) for DCN, @sGroup
and C Struct implementations for the configuration: 1000
steps with 2 flips per pixel per step for 2593 caill

We can see that particularly for larger amountsedis and longer
simulations that the DCN consistently performs drethan the
ClassGroup, by avoiding performance penalties thatilt from
page faults and cache misses.

6300

omDEN
B ClassGroup | |
O Struct

62001

6100 1

6000

5900 +

5800

Execution Time {in seconds)

57001

Simulations

Figure 15. Execution times (in seconds) for DCN, @ssGroup
and C Struct implementations for the configuration: 2000
steps with 2 flips per pixel per step for 2593 caeil

In particular, for very long simulations this sayn becomes
highly significant. C structs also offer signifidgasavings over
ClassGroups, and yield comparable results to DCH®wgh
seem to save more as more cells are created, Hiecemall
savings resulting from attribute access directhptigh the struct
versus a method invocation in the DCN becomes migréficant.

6700

mDCN
M Class(Group
O C Struct

6600 -

6500 7

6400 1

63007

6200 -

6100 -

Execution Time {in seconds)

6000 -

5900 7

Simulations

Figure 16. Execution times (in seconds) for DCN, @ssGroup
and C Struct implementations for the configuration: 1000
steps with 2 flips per pixel per step for 20449 dsl

5.2.2 Memory Consumption

The two frameworks were run on the same afore meead
platforms, and we run three example simulationsa($imulation
with 2593 cells, (2) a simulation with 8587 celnd (3) a
simulation with 20,449 cells. In this way we vi¢he effects of
the DCN pattern as the number of simulated celfsd (¢hus
number of attribute sets to allocate) increases Kéép the step
count consistent at 1000 across simulations. Twilts for
memory consumption are summed up in figure 17.

12

EDCN
g 10 H B ClassGroup

O Struct
=)
g I
k=]
=1
g R
g I
g
[
B I
g

N N

8587 20449

HNumber of cells simulated

Figure 17. Memory footprint for DCN, ClassGroup and C
Struct implementations.

We see that for smaller amounts of cells the DOMsainimally
over ClassGroups, but as the number of simulatisl g@ws, the
difference becomes more significant, up to abo@b% savings
for a simulation with 20,449 cells. ClassGroupsstone more
memory because a list of pointers to classes i¢ kepeach
BasicClassGroup. We can see that memory consumpétween



DCNs and C Structs (which also perform contigudleation) is
about the same.

5.2.3 Maintainability

To illustrate the advantages in terms of flexigifior DCNs over
C structs, we show the requirements for perfornfiig key tasks
regarding cell attributes. The first is addingeavrcell attribute to
the framework (meaning, it is not already a par€ompuCell3D
nor has it ever been). The second is removindl attebute from
the framework. The third is adding an attributettls a part of
the framework to a particular simulation, and thmurth is
removing an attribute that is a part of the framdwirom a
simulation. Flexibility advantages are particufastrong in these
latter two cases, because in terms of C structsteths no
distinction between them and the first two (i.ereémove or add
an attribute from a simulation requires removingadding it to
the framework as a whole). For DCNs, when theywark with
dynamically loaded CompuCell3D plugin librariesistis not the
case as we show in Table 1. We show in parenthbeasumber
of class dependencies that are affected by thessagechanges to
the framework.

Extension DCN C STRUCT
Add attribute to | 1. Interface to a plugin1. Modify Cell struct
framework 3) (33)
2. Compile just new | 2. Recompile
plugin libraries framework

Remove attribute
from framework

1. Remove registrationl. Modify Cell struct
invocation from plugin (33)

3) 2. Recompile

2. Recompile just framework

plugin libraries

1. Add plugin

Add attribute to 1. Modify Cell struct

simulation reference to (33)
configuration file (0) | 2. Recompile
framework
Remove attribute | 2. Remove plugin 1. Modify Cell struct
from simulation reference from (33)
configuration file (0) | 2. Recompile
framework

Table 1. Extending CompuCell3D using DCN and C Stret

As can be seen, the latter two extensions are mmaaé simpler
by DCNs. If an attribute is already in the framekyoits
associated plugin can be added or removed fromdh&guration
file, and because plugins are dynamically loaded iastantiated
[3], it saves the need to recompile the framewdvodifying the
C struct would require recompilation of all intexés which
depend on the Cell, which is a large percentage thaf
CompucCell3D framework.

Although plugin code is more complex than a C dfruc
compilation would be easier when adding a newtlntte to the
framework since it would only be necessary to coenpismall set
of plugin libraries as opposed to a large percentaf the
framework. Removing an attribute completely is measier than
adding one, as the DynamicClassNode class whichnepasses
the attribute along with its registration call che removed.
Again, the most significant savings in maintainigpicome in
once attributes are a part of the framework andl neée added
or removed from particular simulations.

These extensions can be viewed as incremental ebatogthe
framework [14]. Doing an impact analysis of theuehe in Cell
struct, we see that 33 classes in the CompuCeltaihdwork
depend on Cell, and so would be affected by anyheffour
extensions above. Contrasting, the four extensidnowve affect 3
(plugin class, DCN class and Attribute class), & three), O,
and 0 classes. There are far fewer dependencies extending
the framework using DCNSs versus C structs.

Comparing DCNs to ClassGroups, ClassGroups wouddive a
slight edge in flexibility since they can encompassibutes that
require constructor invocations. This is a diteatieoff with the
advantages in terms of speed and memory consumptiBxXcNs
versus ClassGroups.

6. RELATED WORK

Prechelt et al [15] conducted a controlled expenim® study
whether deploying design patterns could facilim@ntenance. In
the majority of the cases, positive results weretaioked
confirming the usefulness of design patterns. Harew certain
cases, negative results were found in a few cabesawhe design
solutions without deploying patterns were less repmne or
subject to shorter maintenance time. Bieman Et@jlconducted
an industrial case study to explore the relatigmshbetween
design patterns, design structures and program gelsanNo
concrete evidence was found to suggest that dgsitjerns ease
adaptability. However, the two studies do not easduthe
performance impact of using design patterns. Rilldd7]
examined the execution performance of design petter
implemented in different languages as a pure obgtetcture
independent of the application. The patterns deimatesa wide
variety of performance between languages. Howekierpatterns’
performance over simpler solutions in an applicasetting is not
covered.

A different combination of known object-orientedsig patterns
is shown in Modelica [18], [19], which similarly es a
combination of known design patterns to build afuwisol for
modeling multiple domains in mathematics and enging.
Modelica uses a combination of the Adapter, Stsategl Factory
patterns [9], the latter two of which we also us&€ompuCell3D.
They use the Strategy pattern to encapsulate tepertent
signal calculation algorithms; similar to the waye wse it to
encapsulate boundary condition point validity deieation
algorithms. They also use the Factory method ¢ater different
parameter sets and equations, similar to our useréating
different boundary strategies and DCNs.

In addition, we have witnessed methodologies intwaok

development which address similar issues as D@s.example,
Chilimbi et al. [20] provide two software techniguealled

clustering and coloring which improve temporal asplatial

locality of data structure elements. The formeacpk elements
likely to be accessed near the same time withiache block, the
latter separates elements by frequency into diftdoéocks. Their
techniques change memory (and cache) locations heket
elements without affecting program semantics, amely teven

build a technique ccmalloc which attempts to alleca new
element close to an existing element, which is tyxathat DCNs

do with cell attributes. DCNs do not take into @aoat temporal
locality, but have more flexibility provided by tHactory which

allows attributes to be easily added/removed fromukations.

Beyls [21] provides a summary of various softwarethods to

improve data locality and cache behavior.



7. CONCLUSIONS

We have provided some examples of design pattents a
demonstrated situations where they helped perforenaaiong
with providing inherent flexibility. We have alsoresented a
DCN design pattern that provides substantial impnoents in
speed and memory consumption, while retaining raaability
benefits.

In the future we would like to explore further camdtions of
design patterns and their potential for similar éfés. We also
look forward to the future uses of these pattetvsth more
extensively in CompuCell3D and in other frameworkge would

also like to catalog the performance of other deggtterns. We
feel this would be a good addition to the fieldooimputational
science as a whole by providing a solid tool forftvgare

developers in the domain.

8. ACKNOWLEDGEMENTS
This research was partially funded by NSF grantd-(®83653,
IBN-0313730, and an Arthur J. Schmitt Fellowship.

Special thanks to Joseph Coffland for his contidng to the
DCN design pattern.

9. REFERENCES

[1] Blilie, C. Patterns in scientific software; artroduction.
Computing in Science and Engineering, 4(3):48-882

[2] I1zaguirre, J.A, Chaturvedi, R, Huang, C, Cickkiy T,
Coffland, J, Thomas, G, Forgacs, G, Alber, M, Newn®&.A,
Glazier, J.A. CompuCell: A multi-model framewoi f
simulations of morphogenesiBioinformatics 20(7):1129-1137,
2004.

[3] Cickovski, T, Huang, C, Chaturvedi, R, Glimm, Hentschel,
G, Alber, M, Glazier, J.A, Newman, S.A, lzaguirdedA. A
framework for three-dimensional simulation of masghnesis.
ACM Transactions on Computational Biology and Bioptexity
under revision, 2005.

[4] Graner, F. and Glazier, J.A. Simulation dflbgical cell
sorting using a two-dimensional extended Potts rnoebys.
Rev. Lett, 69:20-13-2016, 1992.

[5] Hentschel, H.G.E, Glimm, T, Glazier, J.A, Newm&. A.
Dynamical mechanisms for skeletal pattern formaimotine
vertebrate limb.Proc R Soc Lond B Biol S@71(1549):1713-
1722, 2004.

[6] Panfilov, A.V. and Pertsov, e.A.M. Vortex rimg a three-
dimensional active medium described by reactiofusibn
equations.Dokl. Akad. Nauk274:1500-1503, 1984.

[7] Merks, R.M.H. and Glazier, J.A. A cell-centdrapproach to
developmental biologyPhys. A In press.

[8] Foty, R.A, Pfleger, C. M, Forgacs, G, SteinhevgS. Surface
tensions of embryonic tissues predict their muémslelopment
behavior. Development122:1611-1620, 1996.

[9] Gamma E, Helm R, Johnson R, VlissideBdsign Patterns —
Elements of Reusable Object Oriented Softwadelison-Wesley,
Reading MA, 1995.

[10] UNFP. User notes on FORTRAN programming (Jnfm
open cooperative practical guide.
http://www.ibiblio.org/pub/languages/fortran/unfpi.

[11] Cickovski, T, Matthey, T, lzaguirre, J.Besign Patterns
For Generic Object-Oriented Softwafdotre Dame Technical
Report 2004-29, Nov. 2004.

[12] Alexandrescu, AModern C++ Design: Programming and
Design Patterns AppliedAddison-Wesley, Reading,
Massachusetts, 2001.

[13] Coffland, J, BasicUtils,
http://compucell.sourceforge.net/phpwiki/index. @ggicUtils
December 2003.

[14] Rajlich, V, and Gosavi, P. Incremental Chairg®bject-
Oriented ProgrammindEEE Software21(4):62-69, 2004.

[15] Prechelt, L, and Tichy, W. F. A Controlled Expnent in
Maintenance Comparing Design Patterns to Simplarti®as.
IEEE Transactions on Software Engineeri@@(12):1134-1144,
2001.

[16] Bieman, M. J, Jain, D, Yang, H. J. OO Desigttérns,
Design Structure, and Program Changes: And Indligase
Study.Proceedings International Conference on Software
MaintenancgICSM 2001), Florence, November, 2001, pp. 580-
589.

[17] Billard, A. E. Language-Dependent performantédesign
patterns ACM SIGSOFT Software Engineering No2&(3):3,
May 2003.

[18] Claub, C, Leitner, T, Schnider, A, Schwarz, Gbject-
oriented modeling of physical systems with Modelising
design patterns.
http://www.eas.iis.fhg.de/publications/papers/200@/nhdex_de.
html, Workhop on System Design Automatibtarch 13-14,
2000.

[19] Modelica. Modelica websitehttp://www.modelica.org

[20] Chilimbi, T. M, Hill, M. D, Larus, J. R, Cacheonscious
structure layout. IfProceedings of ACM SIGPLAN '99
Conference on Programming Language Design and
Implementationpages 1-12, May 1999.

[21] Beyls, K. Software Methods to Improve Datachbity and
Cache Misses. http://citeseer.ist.psu.edu/beytstaare.html.




