Modeling Crop
Production Systems

Principles and Application

Phool Singh



Contents

Preface
1. PHILOSOPHY, ROLE AND TERMINOLOGY OF
SYSTEM SCIENCE
1.1 History of system science
1.1.1 Infancy
1.1.2 Juvenile phase
1.1.3 Adolescence
1.1.4 Maturity ;
1.2 General topology and terminology of systems
1.2.1 Variable
1.2.2 Parameter
1.2.3 System
124 Dynamic process/model /system
1.25 Continuous versus discrete state spaces
1.2.6 Stochastic versus deterministic descriptions
1.2.6.1 Stochastic models of exponential growth
1.2.7 Modeling
1.2.8 Model
1.2.9 Steps in modeling
1.29.1 First Step: Define the problem
1.292 Second Step: Component identification
1.29.3 Third Step: Specify component behavior
1.294 Fourth Step: Computer implementation
1295 Fifth Step: Validation
12956 Sixth Step: Analysis
1.29.6.1 Sensitivity analyses
12962 Stability analyses
1.3 Three problems
13.1 Systemn management problem
1.3.2 Pure research problem
1.3.3 System design problem
References

vii



xii Modeling Crop Production Systems

2. DEVELOPMENT OF MODEL STRUCTURE

2.1

211
2.1.2
213
2.1.4
215
2151
2152
2.1.6
2.1.7
2.1.8
2.1.9
2.1.10
2.1.11
2112
2.1.13
2.1.13.1
2.1.13.1.1
2.1.13.1.2
21.13.1.3
2.1.13.14
2.1.14
2.2

221
2211
2212
2213
222
2221
2222
2223
2224
223
2231
2232
2233

2234
2235
2236
2237
2238

Variables and their classification
Individual observations

Sample of observations

Variables

Population

Variables and their classification
Measurement variables

Discontinuous variables

Ranked variables

Nominal variables or attributes

Variate

Derived variable

Interval variable

Ratio variable

Rate-quantity variable

Example

Components

Person

Car

Highway

Environment

Exercise

Relationship between variables

Causal loop diagrams

Direct relations

Indirect relations

Relationship between rate and quantity variable
Types of relationship between variables
Direct (together) relations

Inverse relations

Indeterminate relations

Feedback relationship

Example of public address system

Step 1

Step 2. Qualitative description of the system
Step 3. Definition of relevant components, subsystems,
and interactions

Step 4. Definition of relevant variables

Step 5. Representation of the relations between the variables
Step 6. Description of the subsystems

Step 7. The model equations

Step 8. Studying the behaviour of the model

27

27
27
27
27
28
28
28
29
29
30
30
30
33
33
33
34
34
34
34
34
34
36
37
38
38
38
38
39
39
39
39
39
40
40
40

40
41
42
43
44
45



Contents xiii

2239 Example of feedback relationship: Simple public

address system 46
22310 Example: Amplifier circuit with negative feedback 46
22311  Effect of feedback on response to change in input 48
2.3 Structural (black box) model 51
2.4 Refinement in structural models 52
2.4.1 The structure of crop simulation models 52

References 56
3. SPECIFICATION OF COMPONENT BEHAVIOR 57
31 Algebraic form 57
3.1.1 Matrix algebraic form for studying a specific behavior

of components 61
31.11  Useof matrix algebra in principal component analysis 73
3.1.1.2 Use of matrix algebra in linear programming

for optimization of the system 80
3.1.1.2.1  Remark 90
3.1.1.3 Use of matrix algebra for distance measurements 91
3.1.1.3.1 Calculation of group distances to make a dendogram 92
3.2 Integral-differential form 93
321 Example for formulating a differential equations 93
322 The absorption law of Lambert 95
3.3 Parameter estimation 96
331 Statistical procedure' 96
3311 Finding the best parameter values for linear equations 96
3.31.1.1 Useful characteristic of extrema 96
3.3.1.1.2 Expressions for parameters a and b 93
3.3.1.1.2.1 Derivative of a function of a funcrtion: The chain rule 98
3.3.1.1.2.2 Graphical representation 103
3312  How good is the best fitting curve 103
3.3.1.3 Random versus systematic deviations 105
33.14 Linear approximations for quick estimating a

good fitting curve 105
3.3.1.5 Weighing of data 107
33.151 Example 108
3.3.1.6 Error due to data transformation 110
3.3.1.6.1 Example: Error due to data transformation 111
3.3.1.6.1.1 Graphical representation 117
3.3.1.7 Correlation between variables 117
33171 Example 123
3318 Forced correlation 124
3.3.1.8.1 Example 124

3.3.1.9 Statistical procedure for parameters estimation
of normal distribution curve 125



xiv  Modeling Crop Production Systems

33191

33.19.11
3.3.1.9.12
331913
331914
3.3.1.10
3.3.1.11
331111
3.3.1.11.2
3.3.1.11.3
3.31.11.4
3.3.1.11.5
33.1.11.6
331117
33112
3.4

3.4.1
3411
34.1.2

34.1.3

3414
3.4.14.1
34142
3415
3.4.15.1
34.1.6
3417

3.4.1.8
3.4.1.81
34182
3419

3.4.1.10
34.1.10.1

3.4.1.10.2
34.1.103

Practical uses of normal distribution curve and

table of normal distribution (double tail)

Example (Quirin 1978)

Example (Quirin 1978)

Differences between two population mean or proportions
Interval estimation

Parameter estimation of samples and the universe of discourse
Parameter estimation and hypothesis testing

Example (1)

Example (2)

Example (3}

Example (4)

Example (5)

Example (6)

Example (7)

Crop performance indices

Non-statistical procedure for estimating the parameters
(physical approach)

Non-statistical procedure of parameter estimation
Guestimate of the intrinsic rate of increase

Computer language programming and simulation
studies on large computer as a non-statistical approach
for estimating parameters and for sensitivity analysis
Non-statistical approach for parameter estimate

in stochastic models

Estimation of binomial coefficient with non-statistical method
Example from Lewis (1971)

Binomial distribution (theorem)

Multinomial distribution

Example

Poisson distribution

Optimum seeking designs as a non-statistical approach
in design of simulation experiments

Fitting model equations to experimental data

Selecting equations for fitting

Standard equation types

Mathematical formulation for solving the differential
equation (analytical solution)

Mathematical formulation for solving the difference
equation (numerical solution)

The finite difference approach

The Euler technique

An jterated second order Runge-Kutta method

129
131
131
131
137
145

147

150
155
156
157
160
160
161
165

165
165
171

175

177
177
178
179
180
180
181

181
183
185
185

194

198
199
200
202

References 203-204



Comntentts ~ xv

4, COMPUTER IMPLEMENTATION 205
4.1 Model software requirement 205
4.1.1 General purpose languages 207
412 Special-purpose simulation languages 207
41.3 Requirement of general-purpose or special purpose language 207
4.1.4 Requirement of special-purpose language 208
4.15 Recent softwares developed 215
4.2 Generalized model 215
4.2.1 Specialization and generalization 219
422 Constraints and characteristics of specialization and

generalization 225
4.3 Software specification 236
431 Command language 236
43.1.1 Data manipulating language for the hierarchial model 236
43.11.1 The GET command 237
43.1.1.2 THE GET PATH and GET NEXT WITHIN PARENT

retrieval commands 238
43.1.1.3 HDML commands for update 240
4.3.1.1.4 IMS: A hierarchial DBMS 241
4.3.2 Program 241
4321  Flowcharting 243
43211 General flowcharting rules 243
43212 Flowchart symbols and their use 244
4.3.2.1.3 Examples of simple flowcharts 244
43.2.2 Introduction of basic programming 249
4.3.22.1 BASIC program 249
43.22.2 Line number 249
43223 REM 249
43224 READ and DATA 250
43225 PRINT 250
43226 LET 251
43227 Variables 252
43228 Constants 252
43229 GOTO 253
4.3.2.2.10 STOP 253
432211 TF.. THEN 254
432212 FOR and NEXT 254
4.32.2.13 Numeric functions 255
43.22.14 PRINT TAB 256
4.3.22.15 PRINT USING (TRS-80 only) 256
4.3.2.2.16 GOSUB and RETURN ‘ 257
432217 GRAPH SUBROUTINE 261

43.2.218 Arrays and subscripted variables 265



xvi Modeling Crop Production Systems

4.3.2.2.19
43.22.19.1
4322192
4322193
4.3.22.194
43.2.2.20

4.3.2.2.201
43.3
4331
4.3.3.2
43321
433211
4333
4.3.3.3.1
43.3.3.11
4.333.1.2
43332
43.3.3.3
43334
4334
43341
4.33.4.1.1
433412
433413
4334.14
433415
4.4

44.1
44.1.1

4412
44.1.3
442
4421
4.4.22
4423
44231
44232
44233
44234

Matrix subroutine

Inpuiting data to a matrix

Printing a matrix

Scalar multiplication by a constant, K
Post-multiplication of a matrix by a vector, X (C)
Important command mode instructions for apple 11
and TRS-80

Apple I plus

Data structure

Object data structure

The relational data structure

Relational model concepts

Domains, attributes, tupels, and relations
Network data structure

Network data modeling concepts

Records, record types, and data items

Set types and their basic properties

Special type of sets

Stored representations of set instances

Using sets to represent M : N relationships
Hierarchial data structure

Hierarchial database structures

Parent-child relationships and hierarchial schemas
Properties of a hierarchial schema

Hierarchial occurrence trees

Linearized form of a hierarchial occurrence tree
Virtual parent-child relationships

Data systems

Centralized data system

Centralized DBMS (Database Management System)
Architect

Client-server architecture

Client-server architectures for DBMSs

Hierarchial data system

Integrity constraints in the hierarchial model

Data definition in the hierarchial model

Data manjpulation language for the hierarchial model
The get command

THE GET PATH and GET NEXT WITHIN PARENT
HDML commands for update

IMS: A hierarchial DBMS

References

266
266
267
267
267

267
267
269
269
272
273
275
277
278
278
278
282
282
285
288
288
288
290
291
292
294
297
297

297
297
299
301
301
301
304
304
306
307
308
309



Contents  xvii

5, MODEL TESTING AND VALIDATION 310
5.1 Sensitivity analysis 310
52 Stability analysis 313
5.3 Validation 313
5.3.1 Types of goals of validation 313
532 Validation test based on confidence limits 314
5.3.2.1 Test for linearity of regression 320
53.3 Test based on least square procedure 322
53.3.1 Comparison between test based on confidence limit

and least square procedure 326
5.3.4 Tests based on probability distribution 327
5.34.1 The Smirnov test 328
53.4.1.1 Data 328
5.3.4.1.2 Assumption 328
53.4.1.3 Hypotheses 328
5.3.4.1.4 Test statisics 328
5.3.4.1.5 Decisonrule 329
5342 Spearman’s rho test (as quoted in Conover, 1980) 330
53421 Data 1 330
53.4.2.2 Measure of correlation 331
5343 Kendall’s tau test {as quoted in Conover, 1980) 333
53431 Data 333
5.3.4.3.2 Measure of correlation 334
5.3.5 Risk-to-user criteria - 335

References 5 338-339
6. BIOLOGICAL APPLICATION OF MODELS 340
6.1 Ecological applications 341
6.1.1 Prey-predator system 341
6.1.1.1 Lotka-Voltara model for two-species prey-predator system 343
6.1.12  Prey-predator ecosystem 344
6.1.1.2.1 Representation of a simple prey-predator system 345
6.1.1.22 Component diagram for simple prey-predator system 345
6.1.1.23  Symbol arrow graph for simple prey-predator system 345
6.1.1.24 Variables for the prey-predator ecosystems 346
6.1.1.2.5 Parameters for the prey-predator ecosystem 346
6.1.1.2.6  The model equations of prey-predator ecosystem 346
6.1.1.2.7  Steady states of prey-predator ecosystem 347
6.1.1.2.8 Non-steady-state behavior 351
6.1.1.2.9  Simulation of prey-predator system 353
6.1.1.2.9.1 Exercise 354
6.1.1.2.10 Effects of time delay 355

6.1.1.2.11 Time required for developmental event 356



xviii Modeling Crop Production Systems

6.1.1.2.12
6.1.1.2.12.1
6.1.1.2.13
6.1.1.2.14
6.1.1.2.15
6.1.2
6.1.2.1
6.1.2.1.1
6.1.2.2
6.1.3
6.1.3.1

6.1.3.1.1
6.1.3.1.2
6.2

6.2.1
6.2.1.1
6.2.1.2
6.2.1.3

6.2.1.4
6.2.1.5
6.2.1.6

6.2.1.7
6.2.1.8
6.2.1.9
6.2.1.9.1
6.219.2
6.21.92.1

62.1.9.2.2

621923
6.2.1.924
6.2.2
6.2.2.1
6.22.1.1
6.2.2.1.2
622121
6.2.2.1.3

62214

Delayed effects of environment

An example of a system with delays

Models with age structure

An example of a biological control model

Sensitivity analysis

Plant competition studies

Intraspecific competition in plants

Pielou’s measures of intraspecific competition in plants
Competition among several plant species
Environmental management

Example: Energy flow and nutrient cycling in a grassland
ecosystem

Energy flow

Nutrient cycling

Agricultural application

Crop yield

Potential crop yield

Computer program for predicting water limited production
Sensitivity analysis of crop model as a help to crop
production research

Use of crop yield models for precision farming

Crop yield models using remote sensing DATA

Status of research and development on crop

simulation models

Models used for directing agricultural research

Models used in resource management

Models of crop growth {empirical and mechanistic models)
Empirical

Mechanistic models

Status of research and development on crop simulation
model in India

Status of research and development on crop simulation
maodel in India and abroad through remote sensing
technology

Models used as policy analysis tools

Advantages and limitations of crop models

Plant disease prediction

Event stepping module in the barley-leaf-rust model
The barley-leaf-rust-model construction

Validation of the barley-leaf-rust model

Statistical assessment

Computer-based experimentation of the
barley-leaf-rust model

Application of the barley-leaf-rust model

356

356
358
360
362
362
362
363
365
368

369
370
375
378
378
378
391

397
398
400

401
402
403
403
403
403

406

406
409
410
410
412
412
416
416

420
422



Contents xix

6.2.2.1.4.1 Sensitivity analysis of the parameters of the

barley-leaf-rust model 427
6.2.2.2 Other relevant literature on disease prediction 424
62221 Estimation of crop losses 404
6.2.2.2.2 Disease prediction and control 425
6.22.23 Plant disease deductive model 426
6.2.3 Insect phenology 429
6.2.3.1 Development of an organism 430
6.2.3.1.1 Heat sums or the day-degree rule 431
6.2.3.1.2 Day length and other environmental factors 432
6.2.3.1.3 Calender days as a factor 433
6.2.3.14 Work done on insect phenology in India and aborad 433
6.2.4 Symbiosis between crop modeling and genomies 435
Appendix-A: Exercises on modeling crop production systems 438
Appendix-B: Discussion and solutions of exercises 459
References 490-506
Index 507-510

Epilog 513



