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Abstract: A database model is proposed for 
organizing data that describes natural processes 
studied experimentally. Adapting concepts from 
object-oriented and temporal databases, this 
process-oriented scientific database model 
(POSDBM) identifies two data object types 
(independent and dependent variables) and two 
types of relationships (becomes-a and affects-a) 
between data objects. Successive versions of 
dependent variable objects are associated by the 
becomes-a relationship, while independent and 
dependent variable objects are associated by the 
affects-a relationship. Thus, a process can be 
viewed as a sequence of states (versions) of a 
dependent variable object whose attributes are 
affected over time by independent variable 
objects. 

I N T R O D U C T I O N  

One underlying reason for recent, 
growing interest in the object-oriented 
database model is its ability to capture 
and realist ically represent complex, 
real-world entities (objects) and their 
interrelationships,  including generali-  
zation (is-a), special izat ion (is-an- 
example-of), aggregation (is-a-part-of), 
and association (is-related-to). Database 
systems relying on the object-oriented 
database model (OODM), as well as most 
other models, typically organize data 
about rea l -wor ld  objects  forming 
"snapshot" views of those objects and 
their relationships. OODM systems have 
been used effectively in data pro- 
cessing environments that have to 
store, retrieve, and manipulate com- 
plex, dynamic data objects, such as CAD 
designs,  documents ,  and program 

modules (Banerjee, et al. 1987; Blahal et 
al. 1988; Zhoa and Roberts, 1988). 

The innumerable processes mani- 
fested over time in the behaviors of 
real-world objects are just as real as the 
objects that participate in those pro- 
cesses. A diverse repertoire of physical, 
chemical, and biological processes of 
varying complexity account for the 
dynamic nature of our world. Birth, 
life, and death of stars, life cycles of 
l iving things, and nutrient  cycles 
occurring in our air, water, and soil are 
but a few examples of processes 
const i tu t ing  sources of invaluable  
information that can help scientists 
understand and explain how and why 
such processes occur as they do. 

Given the pe rvas iveness  and 
significance of natural processes, it 
seems insufficient to capture data only 
about  s ta t ic  ob jec t s  and the i r  
interrelationships. What is also needed 
by scientists is a realistic modeling 
paradigm for capturing, organizing,  
manipu la t ing ,  and re t r ieving data 
about processes being studied experi- 
mental ly .  This paper describes a 
process-or iented ,  scient if ic  database 
model based on concepts from object- 
or iented (Baner jee ,  et al. 1987), 
t empora l  (Shoshan i ,  1986), and 
scientific databases (Shoshani, 1984) 
coupled with the notion of versioned 
objects (Katz and Chang, 1987; Beech 
and Mahbod, 1988). 

DATABASES AS RESEARCH TOOLS 

Laboratory experiments can gener- 
ate volumes of data, which then have to 
be accura te ly  recorded,  careful ly  
organized, easily retrieved, and even- 
tually analyzed and summarized for 
dissemination. Automating experiments 
and data acquis i t ion  can afford 
scientists an efficient way to conduct 
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the i r  e x p e r i m e n t s  and co l l ec t  data.  
C o m m e r c i a l  data  acqu i s i t i on  sys t ems  
store data in sequential  files for later 
export to spreadsheets,  to statistical and 
graphical packages,  to word processors,  
and to interact ive presentat ion systems. 
Sequent ia l  data  f i les,  however ,  lack 
many of  the advantages of  databases,  
including data sharing,  control led  data 
r e d u n d a n c y ,  data  i n d e p e n d e n c e ,  and 
query support .  A database,  therefore ,  
would appear to be a better way to store 
and organize  data captured  by auto- 
mated data acquisit ion systems. 

OVERVIEW OF A PROCESS-ORIENTED 
SCIENTIFIC DATABASE MODEL 

A d a t a b a s e  s t o r i ng  da ta  abou t  
na tura l  p roce s se s  shou ld  take  into 
a c c o u n t  bo th  t i m e  and c h a n g e .  
P r o c e s s e s  o c c u r  ove r  t ime  d u r i n g  
which  an object  at tains a par t icu la r  
s tate  be fo re  c h a n g i n g  into ano the r  
state.  Given  the fundamen ta l  no t ion  
that a process unfolds as a sequence of  
ob jec t  s tates,  the  p r o p o s e d  process -  
o r i en ted  da tabase  mode l  adopts  the  
concepts of  state, state transition, input, 
and output from automata theory: 

. a s t a t e  corresponds to the set of  
attribute values an object possesses 
at a particular instant in t ime 

. a state transi t ion corresponds to a 
c h a n g e  in an object ' s  a t t r ibute 
v a l u e s  

. i n p u t s  correspond to the a t t r i b u t e  
v a l u e s  of objects that may affect 
the  s ta te  t r a n s i t i o n s  o f  o t h e r  
o b j e c t s  

. o u t p u t s  correspond to the set of  
at t r ibute values  that charac te r ize  
an object in its new state. 

A hypothet ica l  exper iment  to study 
the  e f fec t  o f  a newly  d e v e l o p e d  
fertilizer on tomato plant growth serves 
as an example  of how the p roposed  
process-or iented database model  applies 
the  c o n c e p t s  o f  s ta te  and s ta te  

t r a n s i t i o n .  F o l l o w i n g  t r a d i t i o n a l  
e x p e r i m e n t a l  d e s i g n  p r i n c i p l e s ,  the  
r e s e a r c h e r ' s  bas ic  p l an  for  de te r -  
m i n i n g  the e f f e c t i v e n e s s  o f  a new 
fer t i l izer  to enhance  growth  involves  
e x p o s i n g  t o m a t o  p lan t s  to d i f f e ren t  
c o n c e n t r a t i o n s  o f  the  fe r t i l i ze r  and 
observing the effects ,  if any, on their  
growth.  Thus,  tomato  plant  growth is 
the dependen t  var iable  and fertilizer is 
an i ndependen t  var iable .  Plant  growth 
is the dependen t  variable  because  the 
researcher  wants  to study how it is 
a f fec ted ,  if  at all, by a pa r t i cu la r  
fer t i l izer .  The  fe r t i l i zer  is an inde-  
p e n d e n t  v a r i a b l e  b e c a u s e  t h e  
researcher  wants to ascertain its effect  
on growing  tomato  plants  rather  than 
the  converse .  The  r e sea rche r  recog-  
nizes  that o ther  independen t  variables  
such as soil moisture,  pH, and temper-  
ature also may affect growth. To help 
isolate and measure  the effect  o f  the 
fer t i l izer  separate from the effects  o f  
t he se  o the r  f ac to r s ,  the  r e s e a r c h e r  
app l i e s  the  f e r t i l i z e r  in d i f f e r e n t  
concent ra t ions  (e.g., 0% and 10%) to 
s e p a r a t e  g r o u p s  o f  p l a n t s ,  w h i l e  
m a i n t a i n i n g  all  o t h e r  i n d e p e n d e n t  
var iables  at the  same levels  for all 
g roups .  One g roup  o f  p lan t s ,  the  
c o n t r o l ,  receives  no fer t i l izer ,  while  
one or more  t r e a t m e n t  groups  each 
receive a d i f ferent  precise  amount  o f  
fert i l izer .  Dur ing  the  exper imen t ,  the 
r e s e a r c h e r  p e r i o d i c a l l y  m e a s u r e s  
re levant  independen t  variables and the 
p a r a m e t e r s  c h o s e n  as i nd i ca to r s  o f  
plant  growth (e.g., plant height).  

During this experiment,  a seed (state 
1) must  ge rmina te  ( t ransi t ion 1) and 
become a seedling (state 2) before it can 
g row ( t rans i t ion  2) into a ma tu re ,  
f lowering plant (state 3) and eventually 
into a f ru i t -bea r ing  p lant  (state 4). 
W h e t h e r  an o b j e c t  u n d e r g o e s  a 
t rans i t ion  f rom one state to another  
will  depend  on the states o f  o ther  
objects.  Thus,  a tomato  seedl ing will 
grow into a mature plant only if there 
is suf f ic ien t  water  in the soil.  The  
t ransi t ion of  an objec t  from state to 
state can be characterized as (1) subtle 
or profound,  depending  on the degree 
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to which successive states are s imilar  
and (2) slow or rapid, depending on the 
length of  t ime it takes for a transition 
from one state to another to occur. Even 
when a transi t ion alters an object  so 
that the or iginal  object  is no longer  
recognizable  (e.g., as when a tomato 
seed becomes a seedling), the object still 
possesses  a un ique  ident i ty  that  is 
immutable  as o ther  at t r ibutes  change,  
appear ,  or d i sappear .  Based on the  
fo r ego ing  de sc r i p t i on  of  an exper i -  
men t ,  the p r o p o s e d  p r o c e s s - o r i e n t e d  
data  mode l  r ecogn ize s  two d i s t inc t  
object types. 

1. an independent object type, which 
c o r r e s p o n d s  to an i n d e p e n d e n t  
va r i ab le .  In the  p l an t  g r o w t h  
exper iment ,  fer t i l izer  would  be an 
i ndependen t  object ,  and its attri-  
bu tes  (e .g . ,  the  p r o p o r t i o n  o f  
fertilizer to soil) serve as inputs to 
the  s ta te  t r a n s i t i o n s  o f  s o m e  
dependent  object  (e.g., a plant). In 
the resulting interaction,  the inputs 
of  an independent  object may affect  
a state t rans i t ion  of  a dependen t  
object  with which it interacts.  An 
i n d e p e n d e n t  o b j e c t ' s  i n p u t  may  
affect all, some; or none of  the state 
t r a n s i t i o n s  an d e p e n d e n t  o b j e c t  
undergoes .  If  the inputs  do affect 
one or more  o f  these t ransi t ions,  
then the independent  object  can be 
said to affect the process manifested 
in those transitions (Figure 1). 

2. a dependent object type, which  
correspond to a dependent  variable. 
A dependen t  ob jec t  can undergo  
state t ransi t ions,  which col lec t ively  
represent  some process .  The attri- 
bute values character iz ing a depen- 
dent object 's  state represent outputs  
result ing from a previous transit ion 
(Figure 2). 

In add i t ion  to ob jec t  types ,  a 
p rocess -or ien ted  database mode l  needs  
to inc lude  a smal l  set o f  basic  
re la t ionship  types.  

1. B e c o m e s - a .  Object A1 becomes object 
A 2 such that  A1 and A2 are 
immedia te  versions of  one another. 
A becomes-a  re la t ionsh ip ,  symbol -  
ized as an arrow (---~), corresponds to 
a s ta te  t r ans i t i on  and,  the reby ,  
contributes to a process. Example: A 
tomato seed (A1) becomes a seedling 
( A 2 ) ,  which becomes  a f lower ing  
plant  (A3),  which becomes a fruit- 
bearing plant (A4). This sequence of  
ve r s i oned  ob jec t s  and b e c o m e s - a  
relat ionships (A1 ~ A2 ~ A3 ~ A4)  
represents  the growth  of  a tomato 
plant .  The b e c o m e s - a  r e l a t ionsh ip  
has embedded  within it an implici t  
dependency  in which the existence 
o f  vers ion An depends  upon the 
existence of a previous version An-  
1 while the converse is not true. A 
given vers ion  o f  an objec t  only 
i m p l i e s  one  or  m o r e  po t en t i a l  
successor  vers ions .  

Reversibility is another  property of  
the  b e c o m e s - a  r e l a t i o n s h i p .  A 
becomes-a  re la t ionship  is reversible  
if once An becomes  A n + m ,  then 
v e r s i o n  A n + m  ( e v e n t u a l l y )  can 
become a vers ion essent ia l ly  iden- 
tical to An (i.e., An ~ ... ~ An+m ~ . . .  

A n  as in water ~ water vapor 
water) .  A b e c o m e s - a  r e l a t i onsh ip  
also may be i rreversible  such that 
once An becomes An+m then An c a n  
not be restored (e.g.,  l iving plant  
- 4 d e a d  plant, but not the reverse). 
The  becomes-a  re la t ionship  unfolds  
in two dist inct  ways based on the 
degree  of  s imi lar i ty  be tween  suc- 
cess ive  ve r s ions  o f  a pa r t i cu l a r  
ob jec t :  

a. v e r s i on  An b e c o m e s  ve r s ion  
A n + l  through m o d i f i c a t i o n  of 
one or more  a t t r ibute  values .  
Thus ,  ve r s ions  An and An + 1 
possess the s a m e  attribute set, but 
one  or  m o r e  c o r r e s p o n d i n g  
attribute values differ.  Example:  
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A 2-inch tall tomato seedling 
grows into a 3-inch tall tomato 
seedl ing .  

b. vers ion An becomes version 
A n + l  by t rans fo rma t ion  in 
which An+l has acquired or lost 
one or more attributes, such that 
A n  and An+l have d i f f e r e n t  
though not necessarily disjoint 
sets of a t t r ibu tes .  Though  
versions An and A n + l  possess 
different attributes as a result of 
ve r s ion  t r a n s f o r m a t i o n ,  the 
underlying identity of the object 
remains immutable. Example: A 
particular 3-inch tomato seed- 
ling grows into a flowering plant 
in which the number of flowers 
is a new attribute. 

The sequence of becomes-a relation- 
ships comprising a given process may 
include only vers ion modif ica t ion ,  
version transformation, or a combi- 
nation of both. 
2. A f f e c t s - a .  An independent object 

affects-a dependent object. The 
attri-bute value(s) of independent 
object B serve as inputs to the 
becomes-a relationship between An 
and An+ 1 and thereby affect the 
attributes of A n + l .  Object B may 
modify the attribute values exhib- 
ited by An+l or t ransform the 
attribute set of A n into that of An+ l .  
Examples: Water affects a seed, 
which transforms into a seedling; 
fertilizer enhances seedling growth. 
An inde-pendent object, however,  
may not affect the dependent object 
under  inves t iga t ion .  Thus, An 
becomes An+ 1 regardless of the 
independent object B. Example: A 
tomato plant grows one inch in 
three days regardless of whether it 
received any fertilizer. 

The affects-a relationship between 
an independen t  object  and a 
dependent object exhibiting change 
becomes a prime candidate as a 

causal relationship. The indepen- 
dent variable causes or induces the 
dependent variable to change its 
state and consequently influences 
the process in question. 

3. I s - a - r e p l i c a t e - o f .  One object is a 
replicate of another object. Each 
independent and dependent object 
type may exist in two or more 
different independent states at the 
same time. This situation typically 
occurs in experiments in which the 
researcher wishes to determine if 
different replicates (e.g., BIl l ,  B[2], 
B[3]) of an independent object affect 
replicates of a dependent object 
(e.g., A[1], A[2] ,  A[3]) differently. 
Example: The researcher applies no 
fertilizer (B[1]) to tomato seedlings 
in the control group (A[1]...A[4]) and 
two different fertilizer levels (B[2] 
and B[3]) to seedlings in two 
treatment groups (A[5].. .A[8] and 
A[9]... All2]), respectively. Exposing 
seeds and plants to these three 
different fertilizer levels provides a 
basis for determining whether a 
particular fertilizer has any effect 
on tomato plant growth and, if so, to 
what extent (Figure 3). 

APPLYING THE PROCESS-ORIENTED 
MODt~.. 

The independent and dependent vari- 
ables in a typical experiment can be 
mapped to an integrated set of tables 
(Table 1). More specifically, all the 
replicate versions (Rep No.: 1, 2 . . . . .  6) 
and temporal versions (Date mmddyy: 
121791, 122091) of the independent 
experimental variable map to one table 
(Table 1F) containing a single row for 
each repl icate- temporal  version (1- 
121791, 1-122091 . . . . .  6-122091). The pri- 
mary key for this table is a composite 
one, consisting of a value designating 
the independent  exper imenta l  vari- 
able's relation to a particular experi- 
ment (Exp No.), replicate number (Rep 
No.), and date. An independent variable 
inherits a set of data from from its class 
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type (Table 1E), which describes it in 
terms of  static class data name (IVar: 
Fer t i l i ze r ) ,  sou rce  (Acme) ,  chemica l  
makeup (Formula:  N28P2K2,  i.e. 28% 
n i t rogen ,  2% p h o s p h o r o u s ,  and 2% 
potassium), cost ($10/100 lbs), and name 
(GrowFast ) .  All the con t ro l l ed  inde-  
pende n t  var iab les  (water ,  l ight ,  pH, 
t e m p e r a t u r e )  c o l l e c t i v e l y  map  to a 
separate table (Table 1G), with exper- 
iment  number ,  rep l ica te  number ,  and 
date forming the primary key. The rows 
in this table normal ly  store the same 
values  for  each i ndependen t  var iable  
because the researcher attempts to hold 
these  va r i ab l e s  c o n s t a n t  d u r i n g  an 
exper iment .  Consequent ly ,  it would  be 
more efficient  to store only data in a 
row that deviate from the default values 
chosen for those  variables.  Each con- 
trolled independent  variable also would 
inhe r i t  a set  o f  da ta  f rom its 
c o r r e s pond ing  class  type ( tables  not  
shown) ,  d e s c r i b i n g  that  i n d e p e n d e n t  
variable  in te rms o f  re levant  infor-  
ma t ion  that  wou ld  tend to r emain  
unchanged  dur ing  an exper iment  (e.g, 
source o f  water). 

The dependent  variable under  study 
maps to one or possibly two or more 
tables, depend ing  on whether  temporal  
ve r s ions  o f  the  d e p e n d e n t  var iab le  
arise t h rough  m o d i f i c a t i o n  on ly  or  
from both mod i f i c a t i on  and t ransfor-  
m a t i o n .  I f  v e r s i o n s  r e s u l t  f rom 
modi f ica t ion ,  they map  to one table 
c o n t a i n i n g  a s ing le  row for  each  
r ep l i ca t e - t empora l  ve r s ion  (Table  1A 
shows growth  data  o f  three tomato  
seedlings in a control group: Rep. No. 1, 
2, 3; and three seedlings, in a treatment 
group: Rep. No. 4, 5, 6). The primary key 
for this table  is a c o m p o s i t e  one,  
cons i s t ing  of  a par t icu la r  expe r imen t  
number (Exp. No. 1), a replicate number  
(Rep. No. 1, 2 . . . . .  6), and a date (Date: 
121791, 122091). If  temporal  versions 
also arise f rom t r ans fo rma t ion ,  then 
mapping involves  two or more  tables. 
Each  t i m e  a d e p e n d e n t  v a r i a b l e  
undergoes t ransformat ion (i.e., loses or 
gains attr ibutes),  a new table with a 
different set of  attributes is created and 
data desc r ib ing  the  d e p e n d e n t  vari-  

able's transformed state fill a row in the 
new table (Tables 1C: f lowering tomato 
plants and 1D: frui t ing tomato plants).  
The pr imary key of  each and every 
table created for a dependent  variable 
also cons is t s  o f  e x p e r i m e n t  number ,  
repl icate  number ,  and date,  a l lowing  
joins  be tween or among any and all 
dependen t  objec t  tables  desc r ib ing  a 
given dependen t  variable.  

Each dependent  object  also inherits 
re levant  a t t r ibutes  o f  its c lass  type 
(Table 1A). The class attributes o f  the 
d e p e n d e n t  va r i ab le  in the  e x a m p l e  
exper iment  might  include its class-type 
name  (DVar:  t o m a t o ) ,  s u b c l a s s - t y p e  
name (Variety: BigRed),  source (Source: 
Seeds, Inc.), and the age (1) of  the seeds. 

With a database of  versioned objects, 
one could store and organize data in 
ways  tha t  r e a l i s t i c a l l y  m o d e l  an 
e x p e r i m e n t  and the  p roces s  u n d e r  
s tudy .  For  e x a m p l e ,  a r e s e a r c h e r  
w a n t i n g  to k n o w  w h e n  s e e d l i n g s  
exh ib i ted  m a x i m u m  rates o f  g rowth  
might  issue the query ,  "Select  t ime 
per iod of  m a x i m u m  seedl ing  growth."  
Later  data analysis  and in terpre ta t ion  
also could be faci l i ta ted by query ing  
the database to extract sets of  data for 
statistical analyses.  One may want  to 
de te rmine ,  for example ,  whe the r  the 
di f ferences  in growth  observed  among 
the control and t reatment  seedlings are 
significant. To test the data statistically 
and then show the results graphical ly,  
a researcher  migh t  issue the query,  
"Select  da t e -ma tched  seed l ing  growth  
data from control  and treatment groups 
and perform analysis  of  variance test 
and plot." The selected rows then would 
be exported to statistical and graphing 
modules  for fur ther  processing.  

CONCLUSIONS 

The growing volume,  diversi ty,  and 
complexi ty  of  exper imenta l ly  generated 
data can ove rwhe lm t radi t ional  "note- 
book" methods  for organizing scientific 
da ta  and t h e i r  i n t e r r e l a t i o n s h i p s .  
Consequently,  the famil iar  lab notebook 
is not the ideal tool for processing all 
the  data r e l a t i o n s h i p s  i m p o r t a n t  to 
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interpret ing research findings effi- 
ciently and accurately. Addressing this 
problem, Lander, et al. (1991) state that 
"computing methods are needed that 
allow efficient and accurate processing 
of experimentally gathered data." To 
this end, Lander and his colleagues 
identify computerized scientific data- 
bases as vital tools that scientists can 
and should use to help process their 
research data. The immediate challenge 
they identify is developing methods for 
effect ively organizing, storing, and 
re t r ieving data along with their  
associated relationships. Meeting this 
challenge successfully will involve a 
co l l abora t ive  effor t  of  computer  
scientists and laboratory scientists. The 
principle contr ibut ion of computer 
scientists will be "the invention of 
languages [and data models]  for 
describing complicated processes that 
occur in some order..." (Lander, et al, 
1991). 

The proposed  p rocess -o r ien ted ,  
scientific database model represents a 
conceptual tool that may help scientists 
organize, process, and retrieve their 
data in ways that facil i tate its 
interpretation and dissemination. By 
coupling object-oriented and temporal 
database concepts  with vers ioning 
capability, it is possible to model not 
only stat ic  ob jec t s  and the i r  
relationships but also dynamic objects 
that change and interact as they 
participate in and define some natural 
process studied experimentally. 
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I N D E P E N D E N T  O B J E C T  

J Fertilizer: 0% J 
D E P E N D E N T  s .. 

OBJECT • a11ects-a 
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State 1 Fig. la. ~ S t a t e  2 
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~IbSaff ec ts-a 

~S ta tebeC°mes 'a~~s t z te  
1 2 

Fig. lb. 

Figure 1. Two fertilizer concentrations (experi- 
mental independent objects) affecting 
state transitions (becomes-a relation- 
ships) of two plants (dependent objects). 

State 1 State 2 State 3 State 4 

~ T r a n s i t i o n  ~ T r a n s  ransition ~ 

g e r m l i n a ~ e s ~  gro~ rlat~ ~ Mr~t~unrte ~ r o ~  ~ 

GROWTH PROCESS 

Figure 2. A series of state transitions modeling growth of a tomato plant. Tomato seed germinates 
into a seedling, which grows into a flowering plant, and then into a fruit-bearing plant. 
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Figure 3. Process-oriented model applied to an experiment on tomato plant growth, showing 
two experimental groups (Control and Treatment), two object classes (A and B), 
replicates (All] .. A[6] and B[1] .. B[2]), versions (e.g., A[1] 1 and All] 2 .. A[611 and 
A[612), and the relationships child-of (inherits), becomes-a, and affects-a. Class 
objects (fertilizer and tomato) appear as bold figures, independent objects as squares, 
dependent objects as plain circles, and attributes as ovals. Solid arrows (---~) depict 
becomes-a relationships; plain broken arrows (--  ---~), child-of relationships; bola 
broken arrows (--  ~) ,  affects-a relationships. 
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A. T o m a t o  type  E. Fer t i l i ze r  type  

I ExpNo. DVar Variety Age Source I IExp I V a r N o .  Source Formula Cost Name 

1 T o m a t o  BigRed 1 Seeds Inc 1 Fert i l izer Acme N28P2K2 10.00 GrowFast 

B. Tomato  seedlings 
Exp Rep Date Ht No. Stem 
No. No. cm Leaves Width 

1 1 121791  1.0 2 0.1 
1 1 122091  2.4 4 0.1 
1 2 " 121791  1.2 2 0.1 
1 2 122091  1.9 4 0.1 
1 3 121791  0.9 2 0.1 
1 3 122091  2.3 4 0.1 
1 4 121791  0.9 2 0.1 
1 4 122091  3.1 4 0.1 
1 5 121791  1.1 2 0.1 
1 5 122091  3.3 4 0.1 
1 6 121791  1.3 2 0.1 
1 6 122091  3.0 4 0.1 

C. Flowering tomato plants 
Exp Rep Date Ht  No. No. 
No. No. cm Leaves Flowers 

1 1 0 2 1 5 9 2  5.5 1 2 6 
1 1 0 2 1 8 9 2  5.6 14 8 
1 2 0 2 1 5 9 2  5.3 10 4 
1 2 0 2 1 8 9 2  5.4 1 3 5 
1 3 0 2 1 5 9 2  5.7 1 1 5 
1 3 0 2 1 8 9 2  5.8 1 2 7 
1 4 0 2 1 5 9 2  8.6 14 10 
1 4 0 2 1 8 9 2  8.7 16 14 
1 5 0 2 1 5 9 2  9.1 15 8 
1 5 0 2 1 8 9 2  9.3 16 12 
1 6 0 2 1 5 9 2  10.0 13 9 
1 6 0 2 1 8 9 2  10.2 15 12 

D. Fruiting tomato plants 
Exp Rep Date Ht  No. No. 
No. No. Leaves Fruit 

1 1 0 3 1 5 9 2  9.5 19 10 
1 1 0 3 1 8 9 2  10.0 19 10 
1 2 0 3 1 5 9 2  8.0 18 8 
1 2 0 3 1 8 9 2  8.6 19 9 
1 3 0 3 1 5 9 2  9.4 17 1 1 
1 3 0 3 1 8 9 2  9.8 18 11 
1 4 0 3 1 5 9 2  11.7 24  15 
1 4 0 3 1 8 9 2  12.1 25 16 
1 5 0 3 1 5 9 2  12.3 25  13 
1 5 0 3 1 8 9 2  12.8 25 14 
1 6 0 3 1 5 9 2  12.7 23  16 
1 6 0 3 1 8 9 2  13.1 24  16 

F. Fertil izer t rea tments  
Exp Rep Date Conc 
No. No. % 

1 1 121791  0.0 
1 1 122091  0.0 
1 2 121791  0.0 
1 2 122091  0.0 
1 3 121791  0.0 
1 3 122091  0.0 
1 4 121791  10.0 
1 4 122091  10.0 
1 5 121791  10.0 
1 5 122091  10.0 
1 6 121791  10.0 
1 6 122091  10.0 

G. Other  i n d e p e n d e n t  variables  
Exp Rep Date Water Light pH Temp 
No. No. ml o C 

1 1 1 2 1 7 9 1  5 0  100 6.0 25 
1 1 1 2 2 0 9 1  5 0  100 6.1 24  
1 2 121791  5 0  100 5.9 25 
1 2 1 2 2 0 9 1  5 0  100 6.0 24 
1 3 121791  5 0  100 6.0 25 
1 3 122091  5 0  100 5.9 24  
1 4 121791  5 0  100 5.9 25 
1 4 122091  5 0  100 6.0 24  
1 5 1 2 1 7 9 1  5 0  100  6.0 25 
1 5 1 2 2 0 9 1  5 0  100 6.1 24  
1 6 121791  5 0  100 6.0 25 
1 6 122091  5 0  100 5.9 24 

Table 1. Hypothet ica l  da ta  s t immariz ing effect 
of fertilizer on  plant  g rowth .  Table A shows 
class data  abou t  the d e p e n d e n t  variable. 
Tables B, C, and  D contain  data  describing the 
d e p e n d e n t  variable.  Tables E, F, and  G store 
da ta  descr ibing the i n d e p e n d e n t  variables. 
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