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Two Paradigms for OOP Modcls for Scientific Applications
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This paper summarizes an alternative approach using declarative
programming methods for the objeet oricnted implementation of
numerical codes. The alternative approach is illustrated through a
comparison to an approach using the procedural language C++."The
paper provides two separatc OO examples: (i) onc making usc of
Co+ and its messape passing capabilitics within an objeet
framewark, and (i) one example which replaces messape passing
with simple assertions of and tequests for object states,

Introduction

Object oriented propramming (QOP) is quite promising as a representational
toul for larpe seale scictilic code development. Previous research efforts {Peskin,
el al., 198K Angus and Thompkins, 1989; Forslund, cl. al, 1990; Filho and
Devloo, 1991; Ross, ct. al,, 1991 have discusscd the use of object oricnted
programming (OOP) methods in the development and usc of such codes. Tmplicitin
these works was the desire to create an QOP eavironnient where user code is casily
madifiable and maintainable, where large-scale scientific user code is portable across
a varicty of architectures, ad where the solution process is clficicnt when compared
to serial, vector, or parallel FORTRAN cavironments, The key to clfective OOP
hmplemientation in any environment is 1o create representative object oricnted design
of the physical problem and its mathematical abstraction in the first place. This
design places a premium on understanding the physical problem from the perspective
of class structure, inheritance, and comnunication.

Constructing object hased models requires knowledpe of the structure and
behavior of the objects in the system and of the interactions between the objects.,
Many OO approaches provide construicts which allow for declarative descriptions of
object structure, but they insist that the programmer model object behavior and
interactions with a procedural "message passing” paradigm, Although procedural

Jions are uselul where the intent is to model processes, itmiy be more natural
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Give : RS . » H H
message pns";i:\l:;l"'\.)h; :'n.rlrun trend in OOP for scientific codes is the procedural
progrummil;i; mc;'m l(‘d(:l‘l. we propose an alternative approach using declurative
e OOn '|r'\(|i('5. o iltustrute these approaches, this paper compares two
dcpcndencics‘p(‘i)‘ "lf,q:?‘[::gil{cg:\r(:(.lo scientific computing problems with time
an ach making use of C++ and its ! i
dependet i) pproa se and its message pass
n‘lés‘sugc' c'?q\:;:‘lhm ..\ln ql)JLcl fr‘unc'work, and (ii) an OOP alternative wl'ii!:‘h rlcd:lxllc"cﬁ
compnris[();x{ wc%l\gfl“'f):;"p!’c assertions of| and requests for object states, Prior Ilol‘hi\'
compa u’n(l compur::':lin ".“’ :c;)n:muc gap ", \F/hich represents the chasm hetween lh;:
r ¢ representation of a problem, The goul of eliminati
\ | computer in i § The goul of ¢ : is
gap provides the incentive 1o explore an alternative OOP purnd%gm fiminaing this

In the ach. calle .
with the lnnguqri: 2"1!:9"‘."'-‘,‘3"?" the C++ paradigm, various OOP issues associated
codes need n‘o% be I(m (:mmsw’ Among these issues are portability, where user
architectures (such ,‘:rcm w'l':cn moving them to radically different computer
processor systems) ‘v.nJoc'R"SC'"'" m:lc'lnncs to vector machines to massively paralcl
) r sys Vi iciency, where the goal is typic: imu e

o A S > selentific Jo ¥ $ ly op " :
time. A simple scientific example is given for this fist p;)(rlxuli‘g,l)" ptimum use of CP'U

The se ach. ¢ .
encapsulation (f‘f’:r(‘l(;'{)l;f:g;(bti‘ ‘c‘;\.llcdl the alternative paradigm, provides for the
f \ avioral properties along with its struc : .
Using this i ative, itvioril propenies along with its structural properties
dcscrki'bc u"‘:)lécnfil:;\cl'l‘\l/?).h}lL &rogr:\mnnng task is decomposed into three ;'\nlu.,il(,:::.ur )
¢ ! cet system structure and behavior, 2) identify ¢ 1
and 3) pose querics against the system. and behavior, 2) identily external events,

The Semantic Gap

Computers are often used as . .
physical |)llc|l|0!:lrc\n:‘|mrv(1)(r,(5:||;mtd|‘m.~“.)."h to assist the seiemtist in understanding
aceuracy of results ol mw.l;%.prly.\.lc.\l systems with & computer can improve the
"human® approaches lhlll v |'(.:..\ (?r a depth of analysis not possible with sirictly
require thit the seientist pe l‘l""utl t.l.ny computer-hased modeling, facitities typically
(the way the St'icnli«;l.wlc\-'llm-m ] §nl».~:}:mlml l‘l.:}nslulinn fronm Tas/her "reality siodet”
the computer rcquir.cs'm: W |“],m|-d) e an ln!l.)l‘llII:I(ilHI systenn medel” (the way
semantic gaps: the difl’crcn(;:gvl?rlt be dcscrtpcd). . his rqsul\s in what is known as a
description required by the cﬁn‘,vlf,f,'l.:"".ﬁ,“.“;‘,"5'f description of the problem and the
potential for errors in the implcmcnlmi;)n o‘ftlhgrﬁ:‘(:dlt:;c semantic gap, the greater the

The behavi i i
defined b sl‘.’::f.?;r pll)f.\l' al phenomena is governed by a collection of clearl
define comui;\ rcrm“;: inoun.illy'dcscnl)c these luws in the form of facts and n;lcx'y
e ettt qctlb‘ to the ol)jccl(s)/:n}nl)ulc(s) of interest. 1ot more ofien l||-|.ll'
e e (lncq;: (fcc;|r(')|‘|'i(v:,()(lt()l‘ycr" his/her reality model into an iul'nrmuli(‘m
¢ , thes wrative descriptions are necessarily trans i

sysiem model, cclarulive d H essirily translatec edures

an associated loss in semantics accompanying the lr:mysl:uion Hinto procedures

OOP helps *¢ the disparity be i
systern el b)?prrs:/l::rn?\ l'h:l. (‘h..%]‘)_.l'ru'y‘lx.l.\vccn the reality model and the information
raerintion of Homeen sin 1, u: scientist with constructs which allow lor o declarative
description of object IL!\_I_rL. But popular GOP linguages (Cov v Sm'ullnli‘; ete
s sist that the scientist describe object behavior and illlli'l‘:lﬂi.()ll‘il in 'lu.trlltnk).

scientist to deseribe objeci-sysie > !
objects using .*':l:zilli)gl:::':J);\L\:'\S)rllﬁlt‘l'dyn}“"w’stl’c“"v“"“ of, and interactions between
could significantly minim",r(. (,L.L arations of the governing physical facts and rules,
models. as well as | ‘lu the time and effort required to create computer-by ced

' as improve the accuriacy of simulations based upon these modclsdm

of wprocedural*message passing™ :
SSi yassingt-pars N SR A
£e 1 e p‘“—‘ldlg,“' Awextension to QOO which-wllows the ()|\t‘—NH'lUI\\Z*'.Cl up 101
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The C++ Paradipm

Ci+ is not a pure object oriented language. One of the key design go:\ls of
the language can be stated as "you should not have 1o pay in storage or CPl} lime for
what you do not use”. Most OOP languages were designed with the overriding goal
of mirroring a clean object oriented paradigm, without regard for efficiency at the
Language design level, Programiners pay an efficiency penalty for this.

A more fundamental example of the difference between a purc OO0P language
and C++ is the ability to inline expand small functions. Consider the problem of
adding two matrices {(C=A+1}). Opcerator +on matrices is a function call, which itself
makes calls to operator {jon matrices (retuming a vector) and operator +on veclors.
The veetor object has i similarly defined operator + and operator |}. Also, operator =
is # function on both matrices and vectors. That is a lot of potentially expensive
function calls for very linle actual code, Adding the keyword inline in front of a
function definition requests that the compiler inline expand the code rather than make
a function call. Whether or not 4 MEssage is a function call or intine expanded has no
elfect on the semantics of calling that message. “Ihis climinates function call overhead
at rontime, but can lead 1o increased objeet file size if applicd 1o large functions.

Another feature of Cht is thit default name resotution is static, which is to
say that objects and messages between them are bouned at compite time. In a pure
OOPL, (e.g., Smathatk) name resolution is dynamic, which is to say binding is done
at runtime and thus incurs i runtime penalty. An overall poal of CH+ is 1o “do the
object ariented material that can be done at compile time,” therefore bypassing many
of the ran-tine costs involved in the QO paradigm. So long as pame resolution is
statie, pood soltware 1ools can determine many useful things al compile time, For
example, they could determine that many functions within an object semi-lattice will
not he accessed by a particular picee of code, thereby greatly reducing the size of
objeet files. Inomany OO0 Tanguages, nme resolution is far more (often totally)
dynamic, and such oplimizations e impossible,

Dynamic pame resolution, is, however, a very powerful feature of OOP, and
Ca+ does allow this, after a fashion. By declaring a class or function to be “virtual”,
the user is directing the program 1o figure out the relevant typing information it run-
rime. 1f the user derives everything froma virtual base class, he/she has gained much
of the power of the dynamic system, but has lost much of the oplimization abitity.

Since G+ lets the user choose the type of name resolution, and the compiler
knows what is and is not staticatly resolved, this atlows the builder of the library 10
determine whether these efficiency trade-offs are desirable, When incorporating other
people’s work, however, difTerent views of the importance of efficiency may lead 10
perlormance trade-offs that ire not apparent to the user; this is not unigue 10 oor.

Ci+ allows the user to define an object which is essentially a fundamental
data type. A major goal of 8 G+t environment is 1o allow user code to be portable
AND efficient across different architectures,  For example, on 2 Cray™ a matrix
might be stored as series of row veetors (or column vecetors in FORTRAN) with
inerement within the vector on the innermost loop; i matrix

addition in FORTRAN fora Cray that imeremented aeross columns-inst sad ol across
rows within a column on its innermast loop would have no veclorization gain. But on
a4 Connection Machine™, it would be better to store matrix in block form such that
sach block is contiguous in memory. Matrix addition is most clliciently implemented
in block Torm, with each processor performing addition on fixed-size submatrices.
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The problem of one-dimensional heat COll(lllLll‘On .ﬂ'(lw‘nﬁ,.‘\ )(::)i(lli (JII‘\WX M
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{)l:\‘:ﬁ'll:l;[:c.:cfunclio‘n of time, t, and the cocfficient ol'llh:(:m.\l dilTusivity
govcr‘ninig equation is of the parabolic form and is given here,
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ati icrarchics (Figure 1) and the
i i d i f agprepgation hicrarc (Fig, and |
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What is interesting about the inner workings of this procedural example is that
the explicit solver knows nothing abowt boundary conditions, It is a simple recursion
of the form,

T = ATy - 2T+ Hy )

for cach spatial coordinate along the rod i, and cach time t, and where X is the stability
number of the problem.

The solver is written to treat all rod_noades as internal, A C++ user code could
e written, for example, to heat a rod in the middle, and observe how the lemperature
radintes outward, The user code would apply a micthod to the center rod_node rather
than to the ends, and initialize this rod_node to the value of the heat source with the
other rod_nades initialized to background, The governing cquation (and the explicit
solver embedded therein) would be feft unchanged.

The implementation of the recursion in C++ is by passing messages to the
associated rod_node's temperature altribute to change the temperature of the rod_node
scording o the formula, The tfemperature attribule in turn passes a message to the
rod_node, I a rod_node is a temperature boundary node, it simply ignores the
message. While boundary conditions are not difficult to model in 1D, many 2D and
3D problems can have some compliciated geometrics on the boundaries, In this
object-oricnted system, the discrete solver is simply written as if all rod_nodes were
on the interior, and the boundary nodes modify the operation or cancel the operation
themselves as necessary.,

The user never needs (o aefer to the parmmeters k or Ay, the increment of each
time sep, The governing equation knows to sct

2

Ax
A=A —— . .
where A = stability constant and k = largest k in any node,

The solver knows the values of Ax and k from querying the rod_nodc's
location and material attributes. The stability constant, A, can be changed by the user,
but also can have a default value. I a user is interested in the rate of convergence, the
time step object is queried and a step method is used which applics the solver for onc
time step. In this one-dimensional example, all nodes arc of the same material, but if
there was a rod made of two or more materials, the material with the largest
coelficient of thermal diffusion would determine the time step for solving the
problen. If the user is inferested in the steady state temperature distribution, he/she
would use a converge-object on the solver, which simply applics the solver at each
time step and cheeks 1o see if the temperature at any rod_node has changed by more
than it user prescribed tolerance. When this condition is no longer met, the method
on the converge object will halt,

The Alternative Pasadigm

“This section contains a discussion of possible extensions to OOP which could
appreciably limit the number of declarative-to-procedural translations required by

Type:Eulerian

Figure 2. Inheritance Hierarchies

most OO Tanguages. Additionally, these extensions provide forthieencipsulationof ——

an object’s behavioral properties along with its structural propertics, thereby
increasing the ease with which the object may be reused in related applications, This
scction also demonstrates how conventional message passing can be replaced with

|
|
|
|
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simple assertions of and requests for object states, This would simplify the user-
interfuce to something similar to that found in conventional data-base systems,

Our "Alternntive Paradigm" is largely derived from the ontological approach
for evaluating system design/analysis methodologies desceribed by Wand and Weber
(1989). We substitute the word "object” in this paper for the word “thing” used by
Wand and Weber. The following points provide a quick overview of the pertinent
aspects of the ontological mindset:

* The world is comprised of objects having properties (attributes),

* An object may contain other objects (that is, each object need not be atomic),

* Objects may be organized into an object system (a set of objects),

= An object is modelled in terms of a functional schiema (i set of functions), where
cach function assigns a value to an attribute ot a given time,

¢ The collection of every attribute's value(s) comprises the state of the object (a
pereeptible change to an object occurred only il its state changed).

« A change in the state of an object is termed an event,

* There are two types of cvents: external, where another object has asserted o new
state for the object and, internal, where the object has changed its own ste throupgh
the application of its stability laws,

* An object’s stability lnws define its stable states and its response to those external
events which request that the object assumie an unstable state,

We angment the ontological approach with a formal treatment of time, similar
to that in the infological model discussed by Langefors (1980). In this treatment an
object assumes a particular stie at a particular time,

Our extensions primarily employ a hybrid of the ontological and infologicat
maodels, where a propraniming task may be decomposed into three tunctions: 1) usiog,
dectarations of the poverning facts and tales, deseribe afl perinent objeer system
stracture and bebavior, 2) idemify externad events (chanpes in the state ol one- or-
more objects), and 3) pose queries against the system.

Structure and Bebavior of the Object System

We describe object structure using conventional inheritance (“isa”) and
aggregation (“hasa”) hierarchies, Object behavior is described vsing a rule-based
symtax (similar to teaditional expert-systems) where cach rule’s head identifies an
unstable state, and eich rule's body maps the unstable state onto a stable one, i.c.,

[* object structuse */

window isa object which has size, location, and color,
window.size has widih and height,

window.size.width isa integer,

window.location has top_left and bottom_right.
window.location.top_left has row ind colunm,
window.location.top_left.row isa integer,
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Note that this mode! makes no distinction between an objeet and its class, If window
has yellow color and square shape, and window-1 is a window, then window- 1 also
has yellow color and square shape.

An Expmple

Suppose we wanted to examine the one-dimensional heat conduction along a
rod, as discussed earlier, ‘The object system (itselfl an objeet) is the rod, The
deseription of the rod would contain stability rules and Lacis which define the heat
conduction along the rod among the rod_nodes.  In this example, the stability rules
would be comprised of the explicit solver, which is used to determine the state of the
internal rod_nodes. We augment the definition of node with the rule,

If node.type = Ealerian
Then node.temp @(time=t4-1 and location=i)=
node gemp@@(time=t and location=i) +
Jambda* (nexdetemp@ (lime=t and location=i-1)
- 24 nodeaemp@aime=t and location=i)
+ nodedemp@@time=t and location=i+1))

‘The scientist initinlizes the system by specifying the initial and boundary
conditions, by asserting values for temperiature and location anributes of each
rod_node, So, it the external boundary conditions were temp=1000C and 1emp=50C
at the Jeftend and right end of the rod, respectively, and the internad nodes were set to
some ambient temperature, say temmp=00C, then following facts would represent the
stie of the rad,

node.temp@ (location=0)= 10
node.tempie (Jocation=—rod dength)=50
node tenmpeatocation! O amd location! srodulenpth and time=0)-0)

When the scientist queries the system for the state of a rod_node at i new time, this
places the abject systeny in an unstable state, For example,

node.temp@ location=3 and time=5)="?

The object system then applies its stability rales to adjust cach rod_node until
the objeet systemn is again stable, and retorns the answer to the scientist's query,
Allermately, the scientist can query for the time at which a rod_node has a specilic
temperature, which agiin causes the abject system to fire its stability rules, For
cxample,

node.temp@(location=3 and time=?)=70,

Conclusions

This paper introduces two separate OOP paradigms for addressing scientific
computations, one dealing with the langoage C+4 and another catled the "alternative”

/¢ object behavior ¢/
il window location.top_teftrow < 0 then window ocation top_tefirow = 0,

window.location.bottom_right.row = window.location.top_left.row - window.size height,

paradigme—The-two paradigms-are-distinguished-in-terms-of theirdesipn-for OOP-for
the following items, ‘Fhe paper gives an example of progranyming with the alternative
paradigm, and provides technical models using cach of the paradigms,
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In the conventional C++ approach, knowledge about the structure of an object
is scparated from the knowledge of its behavior; message passing specifies the
behavior. A procedural language is used to explicitly code the physical taws. Each
uscr code, although modular, has a specific structure associited with a specific
physical application. Any changes to one arca of the knowledge base can have an
impact on other knowledge in the database.

For the alternative OOP paradigm, knowledge of the behavior of an object amd
knowledge of the structure of the object arc both attributes of the object, A
declarative language codes the knowledge of the physical laws as Fucts and rules so
they don't need to be translated into procedures, as is the case using o procedusal
language. The rules and physical laws arc stored in the knowledpe base and various
applications arc implemented as specific questions about the "state” of the object,
State changes are handled by rules thi specify how to transition from the unstable
state back to a stable state. Changes o one area of the knowledge base bave few or
no cffeets on the rest of the knowledge base.

Although much remains to he done to make OO a realistic and use
computational tool for scientists and engincers in their attempts to model the physic:
world, the few works developed in this ficld have shown tremendous potential,
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