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ABSTRACT

A model of three-stage nested experimental design was applied to analyze the lettuce
data obtained from the variable pressure growth chamber test bed at NASA-Johnson Space
Center. From the results of an application of the analysis of variance and covariance on the
data set, it was noted that all of the (uncontrollable) factors, Side, Zone, Height and
(controllable) PAR (photosynthetically active radiation), had nonhomogencous effects on
the dry weight of the edible biomass of lettuce per pot. Incidentally, the variations
accountable to the (uncontrollable) factorial heterogeneities are merely 9% and 17% of the
total variation for both the first and second crop test, respectively. After adjusting for the
PAR as a covariate in the no-intercept model, the accountable variations to all the four
factors are 94% and 92% for the first and the second crop test, respectively. With the use
of a no-intercept simple linear regression model,the accountable variations to the factor
PAR are 92% and 90% for the first and the second crop test, respectively. Evidently, the
(controllable) factor PAR is the dominating one.
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1. INTRODUCTION

The aim of this report is to apply a three-stage nested experimental design in
modeling the lettuce data generated from the variable pressure growth chamber (VPGC) test
bed at NASA's Johnson Space Center (Tri, et al 1991). The purpose of the research is that
for long duration space missions such as a Lunar or Martian outpost technologies will be
needed to revitalize atmospheric constituents, to process wastes, to regenerate water, and to
produce food for human consumption under the premises of minimizing dependency on
resupply from earth and attaining self-sufficiency. NASA's Controlled Ecological Life
Support Systems Program (CELSS) was studying the use of biological processes for
integration into regenerative life support systems. Higher plants could be used as an
integral part of these life support systems, because they remove carbon dioxide and
produce oxygen through photosynthesis, purify water through transpiration, and produce
food (Schwartzkopf 1992).

The data set used in this report was the same as that of Barta, et al (1992). Asa
result of the specific engineering design of the growth chamber test bed, it was noted that
the factor Zone(representing four independent nutrient solution irrigation systems) was
nested within the factor Side (representing two atmospheric conditioning systems), while
the factor Height (representing the upper and lower growing area) was nested within the
factor Zone. The tests were conducted under ambient atmospheric pressures in the VPGC,
a vacuum chamber outfitted for plant growth. The VPGC encloses a total of 10.6 m? of
area for crop growth, split into eight individual growing areas (Figure 1.1). Two
atmospheric conditioning systems are present, one on each chamber side supporting four
individual growing areas. Four independent nutrient solution irrigation systems are
present. Each irrigation system, or zone, supports a pair of growing areas ( one upper and
one lower growing areas). A complete description of the chamber and its plant support
systems is given in Tri, et al (1991). Two crop tests were replicated. The environmental
conditions and cultural practices used during both crop tests are presented in Table 1.1.
For both tests, each growing area was outfitted with 60 pots, for total of 480 pots within
the chamber. Each pot was filled with approximately 250 ml of calcined clay.
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Table 1.1. Environmental Conditions and Cultural Practices Used During the First

and Second Crop Test.
Crop Test
Parameter Units First {Secon
Average Air
Temperature T 22.8 | 23.1
Average
Relative Humidity % 73 72
Carbon Dioxide | uLL-1 | 1000 | 1000
Level
Average
Photosynthetic

Photon Flux (PPF)|umol m2s-1{ 365 | 346
Irrigation Events day-1

Frequency
Week 1 1 1
Week 2 2 1
Weeks 3 & 4 3 3
Irrigation Amount | ml por! 37 | 30

event-1

!

UPPER

Figure 1.1. Interior Layout of the Variable Pressure Growth Chamber (VPGC).
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Two seeds of lettuce were planted within each pot. The pots were irrigated with a modified
half-strength Hoagland's nutrient solution. The plants were harvested 30 days after
seeding. Here the conditions for each crop were nominally set to be the same for all
growing areas.

2. STATISTICAL MODELING

A three-stage nested design model without/with the photosynthetically active radiation
(PAR) as a covariate and/or with no-intercept term were employed in fitting the collected
lettuce data as follows:

yijki = I + @i + B)j + Yk + Gk i = A, B, j=1,2,k=HL1=1,.., 60;
2.1)

Yijki = B + 0 + Bei)j + Yaijk + Oxijk1 + EGjk)ls i=A,B,j=1,2,k=H, L, 1=1,., 60;
(2.2)

and

yijkl = @ + Bi)j + Yapk + Oxijk1 + EGjion 1 = A, B,j=1,2,k=HL,1=1,.., 60;
(2.3)

where : -
Xijkl - intensity of photosynthetically active radiation (PAR) received at the 1-th plant in the
k-th height within the j-th zone and the i-th side,
yijkl - dry weight (DW) of edible biomass of the 1-th lettuce in the k-th height within the
j-th zone and the i-th side,
M - mean biomass of all plants in the crop,
o;; - differential effect attributed to the i-th side ,
B(p); - differential effect attributed to the j-th zone within the i-th side,
YGijk - differential effect attributed to the k-th height within the i-th side and the j-th zone,
0 - regression coefficient of xijjk1,
€(ijk)! - €ITOT term assuming to have a normal probability distribution with a mean zero and
unknown constant variance ?>0 representing the variation of biomass from plant to plant

within each growing area.
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Since the effect of the factors are fixed, we assume that the following constraints
hold for Egs. (2.1-2):

S0 =0, (2.4a)
ZiBa;j=0, (2.4b)
2k YGjk = 0. (2.4¢c)

Note that there are no interaction terms among the three factors in Eq. (2.1-3), because it
can be shown (Montgomery 1992) that there is no need to include the interaction term in the
model of multi-stage nested experimental design.

Table 2.1. Expected Mean Squares for the Three-Stage Nested Design Model of Eq. (2.1).

EMS) Side, Zone, Height: fixed
E(MSsige) o2 + 240 i a? .
EMS(sigerzone) 6 +1203; pX ﬁ(?)j

[ EMS(side zoneiheighy) 0" +60 i T Ti v
EMSeqe) o

Table 2.2. Analysis of Variance Table for the Three-Stage Nested Design Model of

Eq. (2.1).
Source of Sum of Squares Degrees of Mean Square
Variation Freedom
Side %i yi2./240 - y2 480 1 MS;
Zone withinside % 3 yi? /120 - 2 MS(),
3i yi2 /240
Height within i 3 Tk yif /60 - 4 MS(s.2h
zone,side Zi % yii /120
Error iz }'ijzkl - 472 MSe
Zi %j Sk yifk /60
Total %% % Biyif - yi/80 479
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where y.__, ¥i...» ¥ij..» and Yijk, are defined, respectively, as follows:

Y... = 2i 2j Xk 21 Yijkb
Yi... = Zj Zk 21 Yijkl»
Yij.. = 2k 21 Yijkls

Yijk. = 21 Yijkl-

The expected mean squares for Eq. (2.1) is given in Table 2.1. Since the effect of
the factors Side, Zone and Height are regarded as fixed, it is noted from Table 2.1 that the
null hypotheses Hp: o = 0 , Ho: Bgy; = 0, and Ho: ¥(ijk = O can be tested by
MSside/MSerror» MS(side)zone/MSerror, and MS (side zone)height/MSerror, respectively. The test
procedure is summarized in an analysis of variance table as shown in Table 22.

3. RESULTS AND ANALYSIS

All computations were performed on the Macintosh personal computer through the
use of the MGLH procedure in SYSTAT (Wilkinson 1987). The analysis of variance and
covariance with/without the intercept term for the first and the second crop test are
summarized , respectively, in Tables 3.1-3 and 3.4-6. Numerical results summarized in
Tables 3.1-6 were obtained by fitting Egs. (2.1-3) to new data sets after a deletion of those
data points which were identified as outliers and having zero dry weight in the first fitting
of Eq. (2.1) to the original data set. From Table 3.1, all of the three factors, Side, Zone,
and Height, had differential effects on the dry weight of the edible biomass of lettuce at the
significance level of less than 1%. From Tables 3.2-3, it was noticed that after adjusting
for the influence of the covariate PAR, the effects of Side, Zone, and Height are still
significant. Yet the factor PAR is clearly the dominating one. Table 3.7 indicates that the
lettuce plants growing , rcspcctivcl};, in Side B, Zone 1, and 'low' growing area had
greater dry weights, on the average, than in Side A, Zone 2, and 'high’ growing area.
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Table 3.1. The Analysis of Variance of Eq. (2.1) for the First Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr. > F
Squares Square
3-Stage Side 16.55 1 16.55 | 16.55 | 0.000
Nested Zone/Side 12.18 2 6.09 5.16 0.004
Design | Ht/Zone/Side | 19.65 4 4.91 4.16 0.002
without Emor | 504.10( 429 | &2=
1.18
covariate | R2 = 0.09

Table 3.2. The Analysis of Covariance of Eq. (2.2) for the First Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr. > F
Squares Square
3-Stage Side 33.66 1 33.66 | 34.44 | 0.000
Nested Zone/Side 9.53 2 4.77 4.88 0.008
Design | HtZone/Side | 16.68 4 4.17 4.27 0.005
with PAR 85.79 1 85.79 | 87.54 | 0.000
covariate | Eror | 41831 428 | &=
0.98
R2 = 0.24

Similar results hold for the second crop test as shown in Tables 3.4-6 and 3.8. The dry
weight of edible biomass of lettuce in the upper growing area was lighter, on the average,
than that of the lower growing area. This may have resulted from a less delivery of nutrient
solution to the upper growing area as compared to the lower growing area. The average air
emperature and relative humidity for Side A and B over the 30 day crop test were 22.1°C
and 23.5°C and 80% and 66.5%, respectively. The warmer conditions present on Side B
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Table 3.3. The Analysis of Covariance of Eq. (2.3) for the First Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr. >F
Squares Square
3-Stage Side 40.59 1 40.59 | 41.08 | 0.000
Nested Zone/Side 9.78 2 4.89 4.95 0.005
Design | HtZone/Side | 20.48 4 5.12 5.18 0.000
with PAR 6032.50 1 6032.50] 6105.77 | 0.000
covariate | Emor | 42392 | 429 | o2=
0.99
andno- | R2=0.94
intercept

Table 3.4. The Analysis of Variance of Eq. (2.1) for the Second Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr. > F
Squares Square
3-Stage Side 20.07 1 20.07 | 24.18 | 0.000
Nested Zone/Side 31.74 2 15.87 19.12 | 0.000
Design | Ht/Zone/Side | 24.26 4 6.06 7.30 0.000
without Emor | 38243 | 463 | o=
0.83
covariate | RZ2 = 0.17

may have increased the dry weight of edible biomass of lettuce. From Tables 3.3 and 3.6,
it was noted that the variation accountable to all of the four factors for Eq. (2.3) were 94%
and 92% (the value of R2), which were much higher than the corresponding one for Eq.
(2.2), in the total variation of the dry weight of edible biomass of lettuce for the first and
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Table 3.5. The Analysis of Covariance of Eq. (2.2) for the Second Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr. > F
Squares Square
3-Stage Side 25.14 1 25.14 | 39.28 | 0.000
Nested Zone/Side | 21.48 2 10.74 16.78 | 0.000
Design | Ht/Zone/Side | 23.07 4 5.77 9.02 0.000
with PAR 86.66 1 86.66 | 135.41 | 0.000
covariate
Emor | 29577| 462 | 2=
0.64
R2 = (.37

Table 3.6. The Analysis of Covariance of Eq. (2.3) for the Second Crop Test.

Model Source Sum of d.f. Mean- | F-ratio | Pr.> F
Squares Square
3-Stage Side 25.00 1 25.00 | 39.12 | 0.000
Nested Zone/Side | 22.13 2 11.07 17.32 | 0.000
Design | HyZone/Side | 23.09 4 5.77 9.03 0.000
with PAR 322296 1 3222966 5042.77| 0.000
covariate
and no- Emor | 29592 | 463 | &=
intercept 0.64
R2 =0.92

second crop test, respectively. It indicates that a no-intercept model of Eq. (2.3) fits the
lettuce data much better than the model of Eq. (2.2) as far as the explainable variation due
to the inclusion of covariate PAR in the model is concerned. Also, we note that although
the error sum of squares for the second crop test is smaller than that of the first crop test,
the dry weight of the edible biomass of lettuce for the first crop test is heavier than that for
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Table 3.7. The Summary Statistics for the First Crop Test.

Factor | Level | No. of | Minimum | Maximum | Mean s.d.
cases
Side A 222 0.508 6.3 3.495 1.011
B 215 0.0 7.5 3.895 1.204
Zone 1 219 1.10 7.5 3.854 1.140
2 218 0.0 7.4 3.529 1.173
Height| H 217 0.0 7.4 3.477 | 0.988
L 220 0.508 7.5 3.904 1.213
Table 3.8. The Summary Statistics for the Second Crop Test.
Factor | Level | No. of | Minimum | Maximum | Mean s.d.
cases
Side A 239 0.0 5.4 2.372 | 0917
B 232 0.10 5.4 2.783 1.016
Zone 1 235 0.7 5.4 2.830 | 0.927
2 236 0.0 5.2 2.321 0.982
Height{ H 238 0.1 4.2 2.355 | 0.824
L 233 0.0 5.4 2.799 1.087

the second crop test. This is probably attributed to the less irrigation frequency in Week 2
for the second crop test and less delivered nutrient solution per irrigation event (Table 1.1).
Incidentally, a checking for the validity of normality and independence assumption were
carried out for all the model fitting exercises by plotting the residuals versus the predicted
value of the dry weight of edible biomass of lettuce and a normal probability plot of
residuals, respectively. The model assumptions of independence and normality were
judged to be satisfactory for all the fitted models by visualization of the plots. The
Pearson's correlation coeffficient between DW and PAR for the first and the second crop
test are 0.37 and 0.45 which were shown to be significantly different from zero. In fact,
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after examining the plots of residuals for the validation of independence and normality
assumptions, a simple no-intercept linear regression model given by

DW = 0.01*PAR (or = 0.008*PAR) 3.1)

was determined to be adequate with R2 = 0.92 (or 0.90) and 62 = 1.13 (or 0.78) in
describing a strong linear relationship between the response variable DW and the predictor
variable PAR for the first (or second) crop test. As compared with a partially nested design
model used in Barta (1992), the fully nested design models of Egs. (2.1-3) are prefered
since the interaction between the factors Side and Height was shown to be not significant as
a result of hypothesis testing.

4. CONCLUSION

Based upon the present analysis of the lettuce data, it is noted that the effects of two
atmospheric conditioning systems, four independent nutrient solution irrigation systems,
and two growing (high or low) areas on the plant biomass production are not
homogeneous. This implies that the growth chamber environment is not spatially uniform.
This phenonmenon of nonuniformity even in controlled growth chambers was also
observed in Lee-Rawlings (1982). Fortunately, the variation accountable to the three
(uncontrollable) factors, Side, Zone, and Height, in the total variation of the dry edible
biomass of lettuce are no more than 2% for either the first or the second crop test after
adjusting for the (controllable) factor PAR (photosynthetically active radiation) as a
covariate in the no-intercept model, the accountable variation for all the (uncontrollable and
controllable) factors is more than 92% for both the first and the second crop test. With the
use of a no-intercept simple linear regression model, the accountable variation for the factor
PAR is more than 90% for both the first and the second crop test. Evidently, the
(controllable) factor PAR is the dominating one. Further studies seem warranted to find the
best combination of factor levels for the controllable factors which might provide the
maximum yield of the dry edible biomass of lettuce.

11-12



ACKNOWLEDGEMENTS

This study was supported by an appointment of the author in the summer of 1992 as a
Summer Faculty Research Fellow at NASA-Johnson Space Center, Houston, Texas. The
author is grateful for fruitful discussions on the topic with Drs. Dan Barta, Don Henninger,
Bradley Eckhardt and other staff members in the Life Support Systems Branch of the Crew
and Thermal Systems Division who contributed to the database upon which this analysis
was based. All computations were facilitated with the use of SYSTAT on the Macintosh
personal computer.

11-13



REFERENCES

Barta, D.J., Edeen, M.A.,and Eckhardt, B.D. (1992), Regenerative life support systems
test bed performance: Lettuce crop characterization, A pre-print of a paper to be
presented at the 22nd International Conference on Environmental Systems, July 13-
16, 1992, Seatle, WA, sponsored by the Society of Automotive Engineers.

Montgomery, D.C. (1992), Design and Analysis of Experiments (Third Edition), John
Wiley &Sons, New York.

Lee, C.-S. and Rawlings, J.O. (1982), Design of experiments in growth chambers -
uniformity trials in the North Carolina State University Phytotron, Crop Science,
22, 551-558.

Schwartzkopf, S.H. (1992), Design of a controlled ecological life support system,
Bioscience, 42, 526-535.

Tri, T.O., Brown, M.F., Ewert, MK, Foerg, S.L., and McKinley, M.K. (1991),
Regenerative life support systems (RLSS) test bed development at NASA-Johnson
Space Center, In: Regenerative Life Support Systems and Processes, SP-873,
Soc. of Automotive Engineers, Warrendale, PA.-

Wilkinson, L. (1987), SYSTAT: The System for Statistics, SYSTAT, Inc., Evanston,
IL.

11-14






REPORT DOCUMENTATION PAGE o;‘;";of‘g‘;z";”

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing‘imtrumm. searching existing data sources, ga_thering and

including suggestions for reducing this burden, to Wash

ining the dats ded, and pleting and reviewing the collection
M ters Services, Directorate for information Operations and Reports, 1215 jetferson Davis Highway, Suite 1204, Arlington, VA

22202-4302, and 1o the Oftice of Management and sudgﬂt Paperwork Aeduction Project (0704-0188), Washington, DC 20503.

- 1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
December 1992 Contractor Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

National Aeronautics and Space Administration (NASA) /American NGT 44-005-803
Society for Engineering Education (ASEE) Summer Faculty
Fellowship Program-1992 Volume 1

AUTHOR(S)
Richard B. Bannerot and Stanley H. Goldstein, Editors

PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Houston REPORT NUMBER

Houston, Texas

- SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

University Programs Office AGENCY REPORT NUMBER
Lyndon B. Johnson Space Center NASA CR 188242
Houston, Texas

11.

SUPPLEMENTARY NOTES

12a.

DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified/Unlimited

Star Category 99

. ABSTRACT (Maximum 200

words)
The 1992 Johnson Space Center (JSC) National Aeronautics and Space Administration
(NASA) /American Society for Engineering Education (ASEE) Summer Faculty Fellowship
Program was conducted by the University of Houston and JSC. The program at JSC, as well
as the programs at other NASA Centers, was funded by the Office of University Affairs,
NASA Headquarters Washington, D.C. The objectives of the program, which began
nationally in 1964 and at JSC in 1965, are (1) to further the professional knowledge of
qualified engineering and science faculty members; (2) to stimulate an exchange of ideas
between participants and NASA; (3) to enrich and refresh the research and teaching
activities of participants’ institutions; and (4) to contribute to the research
objective of the NASA Centers.

Each faculty fellow spent at least 10 weeks at JSC engaged in a research project in
collaboration with a NASA JSC colleague. This document is a compilation of the final
reports on the research projects performed by the faculty fellows during the summer of
1992. Volume 1 contains reports 1 through 12, and Volume 2 contains reports 13 through
24.

14. SUBJECT TERMS 15. NUMBER OF PAGES
16. PRICE CODE
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
sOFCREPORT OF THIS PAGE OF ABSTRACT Unlimited
Unclassified Unclassified Unclassified

standard Form 298 (Rev. 2-89)
“rescribed by ANSI Std 239-18
498102




