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a  b  s  t  r  a  c  t

This  paper  proposes  a novel  knowledge-and-data-driven  modeling  (KDDM)  approach  for  simulat-
ing  plant  growth  that  consists  of  two submodels.  One  submodel  is  derived  from  all  available
domain  knowledge,  including  all known  relationships  from  physically  based  or  mechanistic  mod-
els;  the other  is  constructed  solely  from  data  without  using  any  domain  knowledge.  In  this  work,
a  GreenLab  model  was adopted  as  the  knowledge-driven  (KD)  submodel  and  the  radial  basis  func-
tion  network  (RBFN)  as  the  data-driven  (DD)  submodel.  A tomato  crop  was  taken  as  a  case  study
on  plant  growth  modeling.  Tomato  growth  data  sets  from  twelve  greenhouse  experiments  over
five  years  were  used  to calibrate  and  test  the  model.  In comparison  with the  existing  knowledge-
driven model  (KDM,  BIC  =  1215.67)  and  data-driven  model  (DDM,  BIC  = 1150.86),  the  proposed  KDDM
approach  (BIC  =  1144.36)  presented  several  benefits  in  predicting  tomato  yields.  In  particular,  the  KDDM
odel integration
lant growth modeling

approach  is  able  to provide  strong  predictions  of  yields  from  different  types  of  organs,  including
leaves,  stems,  and fruits,  even  when  observational  data  on  the  organs  are  unavailable.  The  case  study
confirms  that the  KDDM  approach  inherits  advantages  from  both  the  KDM  and  DDM approaches.
Two  cases  of  superposition  and  composition  coupling  operators  in the  KDDM  approach  are also
discussed.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Plants, like other bio-systems, are highly complex and dynamic
ystems. Modeling plant growth dynamics is a great challenge for
cientists in all related fields who are progressively improving
odels and generating new ones for a vast variety of applica-

ions. Modeling approaches vary in a number of aspects (e.g.,
he scale of interest, the level of description, the integration
f environmental stresses, etc.). With respect to the degree of
omain knowledge (e.g., basic physical, chemical and biologi-
al principles), Todorovski and Džeroski (2006) and Atanasova

t al. (2008) considered two basic modeling approaches, namely,
knowledge-driven” and “data-driven” modeling. The knowledge-
riven modeling approach relies mainly on the given domain

∗ Corresponding author. Tel.: +86 10 82544502; fax: +86 10 82615087.
E-mail address: mengzhen.kang@ia.ac.cn (M.-Z. Kang).

ttp://dx.doi.org/10.1016/j.ecolmodel.2015.06.006
304-3800/© 2015 Elsevier B.V. All rights reserved.
knowledge. In contrast, the data-driven modeling approach is capa-
ble of formulating a model solely from the given data without using
any domain knowledge.

In general, a model that can learn from data without using
any domain knowledge is called a data-driven model (DDM), for
example, artificial neural networks (Recknagel, 2001; Daniel et al.,
2008), support vector machines (Pouteau et al., 2012), fuzzy meth-
ods (Gutiérrez-Estrada et al., 2013), generalized linear models and
generalized additive models (Guisan et al., 2002; Zhang et al.,
2005). The DDM also includes the radial basis function network
(RBFN), which is one of the most popular neural network models
and widely used for function approximation, time series predic-
tion, and nonlinear regression (Buhmann, 2003). Among these
methods, they have many desirable characteristics, such as impos-

ing fewer restrictions on assumptions, the ability to approximate
nonlinear functions, strong predictive abilities, and the flexibil-
ity to adapt to the inputs of a multivariate system. However,
data-driven models (DDMs) encounter difficulties in retaining the

dx.doi.org/10.1016/j.ecolmodel.2015.06.006
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.06.006&domain=pdf
mailto:mengzhen.kang@ia.ac.cn
dx.doi.org/10.1016/j.ecolmodel.2015.06.006
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where Po is the relative sink strength of organ type o, indicating
64 X.-R. Fan et al. / Ecological

hysical explanations or structural knowledge of a physical sys-
em because they are usually considered black-box models, and
heir parameters do not generally represent physical parameters
n a physical system. Hence, DDMs are also called “non-parametric

odels”.
A model that is derived from domain knowledge is called a

nowledge-driven model (KDM), also known as a physically based
Solomatine and Ostfeld, 2008) or mechanistic model (Todorovski
nd Džeroski, 2006); For plants, knowledge-driven models (KDMs)
nclude process-based models (PBMs) (Vos et al., 2007; de Reffye
t al., 2009). Early PBMs for plant growth concerned plant func-
ioning in relation to environmental conditions, especially biomass
roduction and its partitioning. More recently, a new generation of
BMs, often known as functional–structural plant models (FSPMs),
as emerged, which incorporates previously neglected aspects,
uch as the interactions among plant structure (e.g., shape and
rientation of organs), the function of organs (e.g., leaf photosyn-
hesis), and the environment (e.g., light) and the feedback between
iomass acquisition and its allocation for both plant development
nd growth. To date, FSPMs have been regarded as potential tools
or predicting and simulating plant growth and structural develop-

ent (Renton, 2013).
The GreenLab model is a generic, mechanistic

unctional–structural plant model (FSPM), integrating the knowl-
dge of the underlying processes of plant architecture and
hysiological functioning. The model, in its discrete version, was

ntroduced by de Reffye and Hu (2003) and was studied in the case
f tomato crops by Dong et al. (2008) and Kang et al. (2011); its key
dvantage over other plant models, which are commonly limited to
imulation, is its parametric identification (Christophe et al., 2008).
ecause of the mathematical formalism of the GreenLab model, all
odel parameters can be identified using inverse methods from
easurement data (Zhan et al., 2003; Guo et al., 2006). Although

DMs integrate domain knowledge in modeling and contain phys-
cally interpretable parameters, they often have poor predictive
bility and do not deal with situations associated with adding
nd/or missing variables or data. For example, the GreenLab model
annot be effectively applied in a wide range of environmental con-
itions in which one environmental variable (e.g., solar radiation,
emperature) is missing and does not take certain environmental
ata (e.g., the carbon dioxide concentration, the planting date and
he weight at planting date) into account even when these data are
vailable.

To take advantage of both the KDM and DDM approaches, stud-
es on integrating these two types of modeling approaches have
een conducted (Džeroski and Todorovski, 2003; Hu et al., 2009; Qu
nd Hu, 2011; Czop et al., 2011; Ran and Hu, 2014). Investigations
n the successful application of this integrated approach especially
eserve greater attention in the ecological sciences (Todorovski and
žeroski, 2006; Atanasova et al., 2008; Qu and Hu, 2009; Matsunaga
t al., 2013). Among these methods, grammar or rules constructed
y domain-specific knowledge were embedded into the DDM to
elect a candidate model that fits the data best. Unlike the above
ethods, our main interest is to propose a novel knowledge-

nd-data-driven modeling (KDDM) approach for simulating plant
rowth that integrates the knowledge-driven theoretical approach
o modeling with the data-driven modeling. A tomato crop was
aken as a case study on plant growth modeling. The GreenLab

odel was adopted as the knowledge-driven submodel and the
adial basis function network (RBFN) as the data-driven submodel.
he two types of submodels were integrated using a two-way
oupling connection. Next, two versions of the KDDM based on
he superposition and composition coupling operators were devel-
ped. Finally, the validity and usefulness of the KDDM approach in

pplication of modeling the dynamics of plant growth processes
rom real data sets were illustrated.
lling 312 (2015) 363–373

2. Materials and methods

2.1. Models

2.1.1. Radial basis function network (data-driven model)
Radial basis function (RBF) networks typically have three lay-

ers: an input layer, a hidden layer with a non-linear RBF activation
function and a linear output layer. The input can be modeled as a
vector of real numbers x ∈ Rn. The output of the network is then a
scalar function of the input vector, f d, is given by Eq. (1):

ŷ = f d(x, �d) = ˚(x)�d, (1)

where d is the subscript associated to the DDM (i.e., RBFN), ŷ is
the output of the RBFN, �d = [w1, . . .,  wh]T represent the weights
of the network, h is the number of neurons in the hidden layer, and
˚( x) = [�1( x), �2( x), . . .,  �h( x)]. In this work, the multiquadric RBF

�j(x) =
√

1 + ||x − cj||2/�2
j

, j = 1, 2, . . .,  h, was taken as the RBF acti-

vation function, where cj ∈ Rn are the RBF centers and �j controls
the width of the RBF.

2.1.2. GreenLab model (knowledge-driven model)
The GreenLab model is a generic functional–structural plant

model simulating the dynamics of plant organogenesis, biomass
production and allocation (Yan et al., 2004; Guo et al., 2006; Dong
et al., 2008; Kang et al., 2011). At each time interval, called growth
cycle (GC), the complete formulation of biomass production of a
plant, Q(i), is given by Eq. (2):

Q (i) = E(i) · r · Sp

⎛
⎝1 − exp

⎛
⎝− 1

Sp · slw

min(i,ta)∑
j=1

[Nb (i − j + 1) ·

⎛
⎜⎝

min
(

j,tb
x

)∑
k=1

Pb (k)
Q (i − j + k − 1)

D (i − j + k)

⎞
⎟⎠
⎤
⎥⎦
⎞
⎟⎠
⎞
⎟⎠ , (2)

where i (GC) is the observed phyllochron expressed in thermal
time; E(i) is the average potential biomass production at growth
cycle i, which depends on microclimatic conditions during plant
growth (e.g., temperature, wind speed, relative humidity and solar
radiation, etc.); r is the water use efficiency; Sp is a characteris-
tic surface area related to plant crown projection, modulated by
the effects of self-shading and neighbor competition that is related
to plant density; slw is the specific leaf weight, which is assessed
directly from the data; ta is the blade functioning duration; tb

x is the
blade expansion duration; Nb(i) is the number of leaves produced
by the plant at growth cycle i; Pb(k) is the sink strength of the blade
of age k; and D(i) is the demand of all expanding organs at growth
cycle i, which is the sum of all the individual organ sink strengths,
calculated according to Eq. (3):

D(i) =
∑

o

min(i,to
x )∑

j=1

No(i − j + 1)Po(j), (3)

where o = indices for organ type (blade, b; petiole, p; internode, i;
fruit, f); to

x is the expansion duration of organ type o; No(i) is the
number of organs type o at growth cycle i; and Po(i) is the sink
strength of organ type o of age i, calculated according to Eq. (4):

P (i) = P f (i), (4)
the competitive ability of a certain type of organ o to accumulate
biomass from the common pool, and fo(j) is a sink variation function



X.-R. Fan et al. / Ecological Modelling 312 (2015) 363–373 365

Table  1
Sink and source parameters of the GreenLab model.

Parameter Definition Units

Pp, Pi , Pf
a Organ sink strength [cf. Eq. (4)] –

Sp Projection area of a plant [cf. Eq. (2)] cm2
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r Water use efficiency [cf. Eq. (2)] mg  cm−2 mm−1

a p, petiole; i, internode; f, fruit.

f the organ type o of age j, described by a discrete beta func-
ion (Kang et al., 2011). The blade strength Pb = 1 was  a normalized
eference for all other organ sink strengths.

For crop plants grown in a wide range of environmental con-
itions, the potential evapotranspiration (PET) is the average
otential biomass production (E) driving biomass acquisition in
reenLab (Ma  et al., 2007; Dong et al., 2008; Kang et al., 2011). The
aily PET (mm  day−1) is often calculated using the FAO-24 radiation
ethod (Jensen et al., 1990) as defined in Eq. (5):

ET = a + b
(

�

� + �
· Rs

)
, (5)

here the PET of a growth cycle (mm  GC−1) is summed from
aily PET values, with the duration varying with daily tempera-
ure and the phyllochron per growth cycle; � (kPa ◦C−1) is the
lope of the vapor pressure curve related to daily temperature; Rs

MJ  m−2 day−1) is solar radiation; � (kPa ◦C−1) is a psychometric
onstant, which is set to 2.45; a (mm  day−1) is −0.3; and b is an
djustment factor, which is set to 1.065. The wind speed and the
elative humidity within the greenhouse are respectively set to 0
nd 100% due to their relatively small effects on PET. Note that PET is

 function of several environmental variables, primarily daily tem-
erature, solar radiation, wind speed and relative humidity, not all
f which are explicitly given in Eq. (5).

The GreenLab model, described by a set of recurrent equations,
s able to quickly compute the biomass accumulation of an organ at
ach growth cycle under different environmental stress conditions.
or simplicity, the GreenLab model can be also rewritten as Eq. (6):

ˆ
 = f k(x, �k), (6)

here x represents the environmental variables related to plant
rowth, ŷ denotes the output of the GreenLab model (e.g., the total
ry weight and the dry weights of different types of organs), f k

s the function associated with the KDM (i.e., GreenLab model), k
s the subscript associated with the KDM, �k is a vector of model
arameters, including the organ sink strength (Pp, Pi, Pf) and two
ource parameters (Sp, r) in the function Eq. (2) controlling plant
iomass production (Table 1).

.1.3. Knowledge-and-data-driven modeling approach
This paper proposes a KDDM approach for simulating plant

rowth that primarily consists of two submodels, as schemati-
ally shown in Fig. 1. The upper part of Fig. 1 represents the
knowledge-driven (KD)” submodel, which is derived from all
vailable domain knowledge, including all known relationships
erived from physically based or mechanistic models. The lower
art of Fig. 1 represents the “data-driven (DD)” submodel, which

s constructed solely from data without using any domain knowl-
dge. This model can be expressed by the following mathematical
ormula

ˆ
 = f (x, �) = f k(x, �k) ⊕ f d(x, �d), � = (�k, �d), (7)

here x ∈ Rn and ŷ ∈ Rm are input and output vectors, respectively;

 is a function for a complete model relation between x and ŷ;
nd f k and f d are the functions associated with the KD and DD
ubmodels, respectively. � ∈ Rp is the parameter vector of the func-
ion f , and �k and �d are the parameter vectors associated with the
Fig. 1. Schematic diagram of the knowledge-and-data-driven model (KDDM), which
consists of the “knowledge-driven (KD)” submodel and “data-driven (DD)” sub-
model (Hu et al., 2009; Ran and Hu, 2014).

functions f k and f d, respectively. In p = pd + pk, pd and pk are the
number of model parameters �k and �d, respectively. The symbol
“⊕” represents a coupling operation between the two submodels.

A two-way coupling connection between the two submodels is
applied, which provides flexibility to represent various forms of the
two interacting submodels, as implemented in Eq. (7). In general,
there is no generic approach to designing the coupling connections.
The actual configuration of the coupling is more problem depend-
ent and can be quite complicated because it greatly depends on the
form in which domain knowledge is available; domain knowledge
may  be presented in the form of constraint functions [Table 1 in
Hu et al. (2009)], grammar (Todorovski and Džeroski, 2006), rules
(Matsunaga et al., 2013), and even physically based models (Czop
et al., 2011). Considering the wide variety of coupling connections
in the KDDM approach, we  limited our coupling connections to two
simple and common coupling operators, namely, “superposition”
and “composition” (Thompson and Kramer, 1994; Hu et al., 2009).
The mathematical expressions of these operators are given by the
following:

Superposition : f (x, �) = f k(x, �k) + f d(x, �d), (8)

Composition : f (x, �) = f k(x, f d(x, �d), �k). (9)

The schematic diagrams of the KDDM based on the superposition
and composition coupling operators are shown in Fig. 2.

The KDDM based on the superposition coupling operator (abbre-
viated as KDDM Sup), together with Eqs. (1), (6) and (8), can be
written as

ŷ = f (x, �) = f k(x, �k) + ˚(x)�d, (10)

where x represents the environmental variables related to plant
growth and ŷ  is the output of the model. In Eq. (10), the KDDM Sup
used the RBFN (i.e., DD submodel) to predict the residuals not
explained by the GreenLab model (i.e., KD submodel).

The KDDM based on the composition coupling operator (abbre-
viated as KDDM Com), together with Eqs. (1), (6) and (9), can be
written as

E = ˚(x)�d,

ŷ = f (x, �) = f k(E, �k).
(11)

In Eq. (11), the KDDM Com adopted the RBFN (i.e., DD submodel)
to quantify the average potential biomass production (E) with all
environmental variables ( x). Once the model parameters � were
determined, given x, the RBFN output (E) directly affected the
GreenLab model output.

2.2. Plant materials and measurements
Data from twelve growth experiments with indeterminately
growing tomatoes (Lycopersicon esculentum ‘Counter’) were col-
lected over varying seasons across five years in greenhouses at
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Table 3
The degree of observed data included in different models.

Model Independent
variables/dependent
variables

Degree of observed
data included

RBFN(A) (x1, x2, x3, x4, x5)/yo y,yo

RBFN(P) (x1, x2, x3, x4, x5)/y y
GreenLab(A) (x3, x4)/y y,yo

KDDM Sup(A) (x1, x2, x3, x4, x5)/y y,yo

KDDM Sup(P) (x1, x2, x3, x4, x5)/y y
KDDM Com(A) (x1, x2, x3, x4, x5)/y y,yo

KDDM Com(P) (x1, x2, x3, x4, x5)/y y
ig. 2. The knowledge-and-data-driven model (KDDM) with two cases of coupling:
a)  superposition coupling operator and (b) composition coupling operator.

he Department of Horticulture (Wageningen, the Netherlands)
Heuvelink, 1995). The dry weights of leaves (including petioles),
tems and individual fruit trusses were collected destructively from
hree to eight tomato plants every 6–22 days, and the numbers
f leaves, stems and fruits per truss were recorded. The total dry
eight (in total, 151 data points) was calculated from the weight

f the components. In addition, several daily environmental vari-
bles were recorded during the entire growth cycle of the tomato
rop (Table 2).

.3. Parameter estimation

With respect to the set of observed data included in the model,
A” and “P” are used to distinguish between the models (Table 3).
A” represents models in which all the observed data were used,
ncluding the dry weights of different types of organs and the total
ry weight (the sum of the organ dry weight); “P” represents mod-
ls in which partial observed data (i.e., only total dry weight) were
sed. For each model, the mean square error (MSE) optimization
riterion is used to minimize the difference between the observed

alues and the predicted values, J(�), is given by Eq. (12):

(�) = 1
2

(y − ŷ)T (y − ŷ), (12)

able 2
escription of variables.

Variable Definition Units

x1 Planting date day
x2 Weight at planting date g m−2

x3 Daily global radiation MJ  m−2 day−1

x4 Daily temperature ◦C
x5 Daily carbon dioxide concentration (CO2) �mol  mol−1

y Total dry weight g m−2

yo Dry weights of different types of organs g m−2
where � represents the model parameters, and y and ŷ represent
the observed and predicted values, respectively.

A two-stage learning algorithm for training the RBFN was  cho-
sen. In the first stage, the centers and widths of the multiquadric
RBFs were determined using k-center and simple heuristic rela-
tionships (Zhu and Zhang, 2000). In the second stage, the weights of
the RBFN were estimated via the gradient descent method or least
squares algorithm. All the observed data were applied to identify
source-sink parameters in the GreenLab model using the gener-
alized least squares (GLS) method, as described in more detail by
Zhan et al. (2003) and Guo et al. (2006).

Because of the coupling operation between the two submodels,
the KDDM approach may have some unidentifiable parameters (i.e.,
parameters that cannot be determined uniquely) even if the param-
eters of each submodel are respectively identifiable (Ran and Hu,
2014). To address its parametric identification, parameter estima-
tion for the KDDM approach is performed in two stages: initially,
the parameters of the GreenLab model (i.e., KD submodel) are either
identified through the GLS method when all the observed data
are available or obtained from empirical knowledge or published
experimental data on the genotype-specific crop when only total
dry weight is given; then, the parameters of the RBFN (i.e., DD
submodel) are estimated. This approach is reasonable because the
GreenLab model is able to characterize plant growth and biomass
allocation based on a set of relatively stable parameters for the
genotype-specific crop; the level of parameter variability for the
genotype-specific crop is low (Ma  et al., 2007; Kang et al., 2011).
Once the parameters of the GreenLab model were determined,
the remaining task of the KDDM approach was to determine the
appropriate setting of the RBFN’s parameters. After minimizing the
performance measure J(�), as in Eq. (12), the weights �d of the DD
submodel were estimated using the Levenberg–Marquardt algo-
rithm (Moré, 1978).

2.4. Criteria for evaluating the model performance

The Bayesian information criterion (BIC) is a criterion for
model selection to evaluate the performance of different mod-
els (Burnham and Anderson, 2002). The value of BIC is calculated
according to the following equation (Venables and Ripley, 2002)

BIC = N ∗ log

(∑N
l=1(yl − ŷl)

2

N

)
+ p ∗ log(N), (13)

where N is the number of data points, yl represents the observed

values, ŷl represents the predicted values, and p is the number of
model parameters.
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Table  4
The model selection procedure for the RBFN(A) to modeling tomato crop growth processes using a 12-fold cross-validation strategy.

No. Num. of para. BIC Dry weight of leaves Dry weight of stems Dry weight of fruits Total dry weight

RMSEtr RMSEte RMSEtr RMSEte RMSEtr RMSEte RMSEtr RMSEte

1 2 × 3 1209.98 26.33 26.95 10.65 10.99 45.11 45.81 71.14 74.00
2  3 × 3 1202.13 21.38 22.26 8.84 9.33 41.29 41.35 65.56 68.74
3  4 × 3 1200.34 19.88 20.69 7.89 8.37 40.13 39.94 61.75 64.23
4  5 × 3 1199.37 19.14 20.25 7.26 8.04 38.14 39.31 58.34 62.47
5  6 × 3 1211.14 19.00 20.38 7.01 7.99 37.91 39.91 57.71 62.48
6  7 × 3 1226.25 18.95 20.44 6.99 8.02 37.95 40.45 57.78 63.17
7  8 × 3 1240.72 18.90 20.47 6.98 8.04 37.84 40.77 57.71 63.65
8  9 × 3 1255.56 18.83 20.43 6.95 8.04 37.85 41.22 57.72 64.17
9  10 × 3 1270.42 18.80 20.41 6.93 8.02 37.81 41.31 57.73 64.39

10  11 × 3 1285.46 18.80 20.44 6.93 8.03 37.87 41.39 57.78 64.43
6.9
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KDDM Sup(A) and KDDM Com(A) under the BIC criterion both
obtained the best generalization performance, and the best num-
ber of hidden nodes for the RBFN (i.e., DD submodel) in the
KDDM Sup(A) and KDDM Com(A) were 5 and 16, respectively.

Table 5
The model selection procedure for the RBFN(P) to modeling tomato crop growth
processes using a 12-fold cross-validation strategy.

No. Num. of para. BIC Total dry weight

RMSEtr RMSEte

1 2 1190.26 71.14 73.99
2  3 1172.54 65.56 68.75
3  4 1161.57 61.90 64.42
4  5 1150.86 58.51 62.34
5  6 1152.35 57.79 62.36
6  7 1157.50 57.83 62.84
7  8 1162.31 57.81 63.25
8  9 1167.28 57.81 63.63
11  12 × 3 1300.92 18.76 20.42 

he lowest BIC and RMSEte values for the total dry weight are represented in bold.

The root mean square error (RMSE) is the standard criterion
hich measures the distance between the predicted and observed

alues and is given by Eq. (14):

MSE =

√√√√ 1
N

N∑
l=1

(yl − ŷl)
2
. (14)

The modeling efficiency (EF) is a dimensionless quantity which
easures the overall goodness of fit between the predicted and

bserved values and is given by the following formula (Baey et al.,
013)

F = 1 −
∑N

l=1(yl − ŷl)
2∑N

l=1(yl − ȳl)
2

, (15)

here ȳl is the mean of observed values.
For each model, a 12-fold cross-validation strategy was used

uring the model selection procedure. Twelve experimental data
ets were circularly partitioned into training and testing sets. One
xperimental data set was retained as the testing data set, and
he remaining eleven data sets were used as training data sets. In
otal, twelve training root mean square errors (RMSEtr), twelve test-
ng root mean square errors (RMSEte) and twelve BIC values were
btained during the learning procedure. The results were then aver-
ged to produce the mean errors and BIC values for performance
omparison.

. Results

The RBFN, GreenLab model and KDDM (including KDDM Sup
nd KDDM Com) were used to model the dynamical plant growth
rocess of tomato crops. The tomato growth data sets from twelve
reenhouse experiments were used to calibrate and test these mod-
ls.

.1. Results from individual models

.1.1. Results from the RBFN
For the RBFN(A) and RBFN(P), the average RMSEtr, RMSEte and

IC values with respect to the different numbers of parameters
re given (Tables 4 and 5). The RBFN(A) 4 and the RBFN(P) 4 had
he lowest BIC and RMSEte values for the total dry weight, respec-
ively. Compared with the RBFN(A), the RBFN(P) had a lower BIC
alue (1150.86) and a lower RMSEte value (62.34 g m−2) for the
otal dry weight. Both RBFN(A) and RBFN(P) under the BIC criterion

btained the best generalization performance, and the best num-
er of hidden nodes for them was 5. Moreover, the total number
f parameters of the RBFN(A) was three times that of the RBFN(P)
ecause the former was a three-output RBF network, whereas the
0 7.98 37.86 41.55 57.93 65.46

latter was  a single-output RBF network. Note that the total dry
weight for the RBFN(A) was the sum of the network outputs (i.e.,
organ dry weight), for which RMSEtr and RMSEte are given (Table 4).

3.1.2. Results from the GreenLab model
For GreenLab(A), the parameter estimation procedure was

repeated twelve times, with each of the twelve experimental data
sets used exactly once as the testing data set. The training errors,
testing errors, estimated parameter values and their respective
standard deviations (Std.) and coefficients of variation (CV) are
given (Table 6). The CV values for parameters of the GreenLab
model varied between 1.95 and 3.03, which indicates that the
five source-sink parameters exhibited very little variation for the
genotype-specific tomato crop (L. esculentum ‘Counter’). Although
the CV value of RMSEtr was low, the CV value of RMSEte in this
model was very high, which indicates that the performance of the
GreenLab model is lowly reliable. According to values of organ
sink parameters, the average ratio of biomass partition from leaves
(including petioles) to stems to fruits was  1.432:0.643:3.527 or
26:11:63.

3.2. Results from the KDDM approach

3.2.1. Model selection for KDDM
For the KDDM Sup(A) and KDDM Com(A), the average RMSEtr,

RMSEte and BIC with respect to the different numbers of parame-
ters are given (Table 7). The KDDM Sup(A) 4 and the KDDM Com(A)
15 had the lowest BIC and RMSEte values, respectively. The
9  10 1172.38 57.85 63.85
10  11 1177.55 57.90 63.95
11  12 1183.18 58.05 64.69

The lowest BIC and RMSEte values are represented in bold.
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Table 6
The parameter estimation procedure for the GreenLab(A) to modeling tomato crop growth processes using a 12-fold cross-validation strategy.

Expo. Parameters of the GreenLab model Total dry weight

Pp Pi Pf Sp (cm2) r (mg cm−2 mm−1) RMSEtr RMSEte

1 0.425 0.633 3.469 1158.711 0.166 78.80 59.01
2  0.428 0.638 3.508 1157.971 0.166 76.70 75.21
3  0.423 0.631 3.547 1132.218 0.168 72.66 128.31
4  0.435 0.648 3.517 1172.124 0.168 73.12 80.33
5  0.435 0.648 3.511 1151.715 0.167 77.41 67.20
6  0.427 0.637 3.522 1183.146 0.164 76.01 71.41
7  0.424 0.630 3.567 1166.277 0.164 75.85 88.45
8  0.446 0.666 3.615 1194.565 0.170 64.51 141.80
9  0.436 0.650 3.473 1165.134 0.167 77.34 35.40
10  0.419 0.620 3.351 1130.649 0.171 78.46 31.28
11  0.449 0.669 3.598 1196.886 0.164 78.09 23.70
12  0.439 0.652 3.642 1264.283 0.158 71.62 104.31

Mean  0.432 0.643 3.527 1172.807 0.166 75.05 75.54
Std.  0.009 0.015 0.077 35.571 0.003 4.07 36.69
CV  (%) 2.083 2.333 2.183 3.033 1.947 5.42 48.57

Note: Pb was  set to 1 as reference, data were not listed here.

Table 7
The model selection procedure for the KDDM approach to modeling tomato crop growth processes using a 12-fold cross-validation strategy. pk is the number of parameters
of  the KD submodel, and pd is the number of parameters of the DD submodel.

No. Num. of para. (pk + pd) KDDM Sup(A) KDDM Com(A)

BIC Total dry weight BIC Total dry weight

RMSEtr RMSEte RMSEtr RMSEte

1 5 + 2 1179.43 68.48 66.80 1180.15 68.60 66.92
2  5 + 3 1179.69 67.33 66.70 1156.03 61.76 67.27
3  5 + 4 1180.59 66.36 65.90 1161.06 61.79 67.27
4  5 + 5 1172.99 63.42 65.72 1165.76 61.74 67.32
5  5 + 6 1174.09 62.55 66.44 1168.52 61.24 68.94
6  5 + 7 1179.05 62.55 66.75 1171.04 60.72 67.50
7  5 + 8 1183.93 62.54 67.11 1147.05 54.69 58.61
8  5 + 9 1188.81 62.53 67.49 1163.94 57.11 59.67
9  5 + 10 1193.79 62.54 67.71 1153.57 54.03 58.16

10  5 + 11 1198.91 62.59 67.81 1162.04 54.72 59.80
11  5 + 12 1203.57 62.53 68.46 1165.99 54.55 58.69
12  5 + 13 1208.76 62.59 68.26 1155.24 51.55 54.39
13  5 + 14 1212.73 62.39 67.96 1158.12 51.17 54.07
14  5 + 15 1217.40 62.31 68.08 1168.86 52.26 55.59
15  5 + 16 1220.31 61.85 68.12 1144.36 46.98 50.26
16  5 + 17 1224.60 61.71 67.94 1149.59 47.03 50.38

 68.08 1154.07 46.96 50.52
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17  5 + 18 1229.37 61.67

he lowest BIC and RMSEte values are represented in bold.

ompared with the KDDM Sup(A), the KDDM Com(A) had a lower
IC value (1144.36) and a lower RMSEte value (50.26 g m−2). Fig. 3
hows a plot of the regression curves for the 151 data points with
espect to the different planting dates from the KDDM Com(A)
nder the BIC criterion.

For the KDDM Sup(P) and KDDM Com(P), the parameter val-
es of the GreenLab model (KD submodel) obtained from Table 4

n Dong et al. (2008) were set to Pp = 0.54, Pi= 0.62, Pf = 3.28,
p = 1/(11.1 × 0.77)m2, and r = 1/0.28g m−2 mm−1. Here, only main
esults of the KDDM Sup(P) and KDDM Com(P) with the lowest
ICs are presented. The KDDM Sup(P) and KDDM Com(P) had the

owest BIC values (1151.96 and 1140.90, respectively) and RMSEte

alues (62.31 g m−2 and 51.29 g m−2, respectively). The optimal
umber of hidden nodes for the RBFN (DD submodel) were 5 and 16,
espectively. The results reveal that the KDDM Com(P) had lower
IC and RMSEte values than the KDDM Sup(P).

.2.2. Organ dry weight from KDDM Com

In addition to the total dry weight, the KDDM Com was able to

redict the dry weights of different types of organs. The root mean
quare error (RMSE) and the modeling efficiency (EF) for the dry
eights of different types of organs from the KDDM Com(A) and

Fig. 3. Regression curves of the total dry weight for the KDDM Com(A) from twelve
greenhouse experiments with different planting dates (January 1 designated day 1).
The  data points from twelve experiments were taken from Heuvelink (1995).
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ig. 4. Prediction outputs of dry weights for three types of organs – (a) leaves, (b) st
otal  dry weight) in the training phase. Parameters of the KD submodel (i.e., GreenLa
s  the same as in Fig. 3.

he KDDM Com(P) over all greenhouse data sets are given (Table 8).
he KDDM Com(A) had the lowest RMSE value for the dry weights
f leaves and fruits and had approximately the same RMSE value
or the dry weight of stems in comparison with the KDDM Com(P).
ig. 4 gives predictions of the KDDM Com(P) regarding the dry
eights of different types of organs from twelve greenhouse exper-

ments with respect to the different planting dates.

.2.3. Average potential biomass production from KDDM Com
In addition to the FAO-24 radiation method adopted by the

reenLab model, the KDDM Com can provide an alternative
ethod for calculating the average potential biomass production

E) by the RBFN submodel. Fig. 5 shows values of E based on the
AO-24 radiation method and KDDM Com(A). Overall, the trends
f two methods agreed, and their values of E ranged from 0.1 to
7.5 mm−2 GC−1. The results of the two methods suggest that the
alues of E in late autumn and winter (Exps. 10, 11 and 12) were
uch lower than in the other experiments. In comparison with the
AO-24 radiation method, the KDDM Com resulted in larger values
f E in Exps. 11 and 12 during the entire growth cycle of the tomato
rop.

able 8
he RMSE and EF for the dry weights of different types of organs from KDDM Com(A)
nd KDDM Com(P) over all greenhouse dataset. A: using all the observed data; P:
sing the total dry weight only.

Dry weights of different types of organs

Leaves Stems Fruits

KDDM Com(A) RMSE 25.71 10.30 31.43
EF 0.896 0.907 0.967

KDDM Com(P) RMSE 30.66 9.92 34.44
EF 0.852 0.914 0.960

he lowest RMSE and the highest EF values for the different types of organs are
epresented in bold.
and (c) fruits – from KDDM Com(P), which used the partial observed data (i.e., only
del) in the KDDM Com(P) model were obtained from Dong et al. (2008). The legend

3.2.4. Quantification of the four variables of KDDM Com(A)
The contributions of the four inputs used to obtained output

from the KDDM Com were quantified (Table 9). The results indicate
that the full model (x1, x2, x3, x4, x5) produced the best result under
the BIC criterion, the model (x1, x2, x4, x5) achieved nearly the same
performance as the model (x2, x3, x4, x5), the variable combination
(x1, x3, x4, x5) was comparable to the four variable-combination
models (x1, x2, x3, x5) and (x1, x2, x3, x4).

3.3. Results of model performance evaluation

To compare the performance among the individual models
(i.e., RBFN and GreenLab) and the KDDM approach, the average
RMSEtr, RMSEte and BIC values from their respective best mod-
els are assessed respectively (Table 10). For the individual models,
the RBFN had a lower BIC, and lower mean and standard devia-
tion values of RMSEte than the GreenLab model. In comparison
with individual models, the KDDM approach with a lower BIC

value decreased not only the mean of RMSEte, which indicates
improved accuracy, but also the standard deviation, which suggests
an improved capacity to generalize.

Table 9
The average RMSEtr, RMSEte and BIC values of KDDM Com(A) when one independent
variable is missing.

Input variables BIC Total dry weight

RMSEtr RMSEte

x1,x2,x3,x4,x5 1144.4 46.98 50.26
x1,x2,x3,x5 1159.6 49.63 52.48
x1,x2,x4,x5 1175.8 62.11 69.67
x2,x3,x4,x5 1172.5 61.24 67.94
x1,x3,x4,x5 1162.5 51.72 54.02
x1,x2,x3,x4 1161.2 50.24 53.74

The lowest BIC, RMSEtr and RMSEte values are represented in bold.
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. Discussion

.1. The characteristics of individual models

As far as individual models (i.e., RBFN and GreenLab) are
oncerned, the GreenLab model integrates knowledge of the
nderlying processes of plant development and growth and can
haracterize plant growth and biomass allocation based on a set of
elatively stable parameters (Table 6), a finding that is in accordance
ith the results of Dong et al. (2008) and Kang et al. (2011). The
ve source-sink parameters in the GreenLab model have their own
hysical interpretation. Specifically, the average projection area of

he tomato crop (Sp) was 0.1173 m2, less than the inverse of the
lanting density (1/2.1 m2) (Heuvelink, 1995), which indicates that
he tomato crop can not form a closed canopy. r was estimated

able 10
esults of model performance evaluation for RBFN, GreenLab, KDDM and GAFNs under th
nd pd are the same as in Table 7.

Model Num. of para. (pk + pd) 

RBFN(A) 0 + 15 

RBFN(P) 0 + 5 

GreenLab(A) 5 + 0 

KDDM Com(A) 5 + 16 

KDDM Com(P) 5 + 16 

GAFNs(P) (Qu and Hu, 2009) 0 + 13 

he lowest mean and standard deviation values of RMSEtr and RMSEte are represented in
iation method and KDDM Com(A). Solid dot, FAO-24 radiation method; solid line,

to be 0.166 mg  cm−2 mm−1, which reveals the average water use
efficiency during the whole growth cycle of tomato crop. Results
on the organ sink parameters suggest that approximately 26% of
the total dry weight was distributed to the leaves, 11% was dis-
tributed to the stems, and 63% was  distributed to the fruits (See
Section 3.1.2), which indicates that sink parameters are capable of
indicating the ability of different types of organs to compete for
biomass. This conclusion is basically consistent with the experi-
mental observations of Heuvelink (1995). In addition to the physical
interpretation of model parameters, another key characteristic of
the GreenLab model is that it is able to compute the dry weights of
different types of organs. However, the GreenLab model generally

exhibits poor accuracy in predicting the total dry weight and cannot
utilize the planting date (x1), the weight at planting date (x2) or the
daily carbon dioxide concentration (x5) maximally to improve the

e BIC criterion. A: using all the observed data; P: using the total dry weight only. pk

BIC Total dry weight

RMSEtr RMSEte

(mean/std.) (mean/std.)

1199.37 58.34/2.14 62.47/26.28
1150.86 58.51/2.15 62.34/25.93
1215.67 75.05/4.07 75.54/36.69
1144.36 46.98/2.01 50.26/22.76
1140.90 46.40/2.02 51.29/21.82
1016.33 43.99/1.89 54.95/25.59

 bold.
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Fig. 6. The inputs and outputs of each approach for modeling the plant grow

odel performance even when these data are available (Table 10);
his shortcoming is due to the model’s reliance on daily global radi-
tion (x3) and the daily temperature (x4) (Dong et al., 2008; Kang
t al., 2011) (see Fig. 6a).

The main characteristics of the RBFN are that it has high pre-
ictive accuracy and can offer a high degree of flexibility to utilize
nvironmental data maximally. The experimental results on the
otal dry weight suggest that the RBFN under the BIC criterion is
uitable for the this problem because it exhibited the best gener-
lized performance of the models considered (Tables 4 and 5), and
as a better predictive accuracy than the GreenLab model because

t decreased the mean and standard deviation of RMSEte (Table 10).
nlike the GreenLab model, the RBFN can utilize the planting date

x1), the weight at planting date (x2) and the daily carbon dioxide
oncentration (x5) by means of adding or reducing its number of
nput nodes to improve the model performance when these data
re available. However, the RBFN lacks transparency with respect
o physical comprehension and explanations of a physical system
nd cannot predict the dry weights of different types of organs
hen observational data on the organs are unavailable (see Fig. 6b).

urthermore, its model complexity (e.g., the total number of param-
ters) increases dramatically with the number of output nodes
hen the dry weights of different types of organs are used as its

utput (Table 4).

.2. Advantage of composition over superposition concerning the
oupling operator in the KDDM approach
Two cases of the KDDM approach based on the superposition
nd composition coupling operators were applied to modeling
he plant growth respectively. Encouragingly, the KDDM Com
ocess: (a) KDM (GreenLab), (b) DDM (RBFN), (c) KDDM (GreenLab ⊕ RBFN).

shows higher accuracy in predicting the total dry weight than the
KDDM Sup (see Section 3.2.1), which suggests that the composi-
tion coupling operator in the KDDM approach is more reasonable
than the superposition coupling operator for modeling tomato crop
growth. As shown in Fig. 2, the KDDM Sup adopted the RBFN as the
DD submodel to compensate for nonlinear deviations of the KD
submodel’s outputs and considered only the interactions between
partial environmental variables and plant growth. By contrast, the
DD submodel in the KDDM Com was used to quantify the aver-
age potential biomass production with all environmental variables
first; it then directly affected the outputs of the KD submodel.
In this way, the DD submodel can effectively compensate for the
unknown part and error of the KD submodel due to uncertainty
during plant growth. The KDDM Com took the interactions among
all environmental variables and plant growth fully into account. The
experimental results suggest that the effect of the environment on
the crop yield depended on the plant growth process during which
the environmental variables played an important role.

4.3. Comparison of the KDDM with the existing KDM and DDM

In comparison with the existing KDM and DDM (i.e., RBFN and
GreenLab), the KDDM approach exhibits better predictive perfor-
mance for the total dry weight (Table 10). The structure of the
KDDM enables the model to utilize domain knowledge (includ-
ing physically based models) and environmental variables in an
optimal way to achieve better performance (Fig. 6c). On the one

hand, in the conventional application of the DDM,  when there are
no observational data of the organ dry weight, such predictions can-
not be obtained. In principle, the DDM does not have this capability.
Although both the KDM and the KDDM have this capability, the
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Table 11
Calculation methods for the average potential biomass production (E) under different environmental stress conditions.

Types Methods Environmental stress conditions References

I E(i) = constant Without any environmental stress Zhan et al. (2003)

II
E(i) ∝ PAR(i)a Single environmental variable (light-limiting) de Reffye et al. (2009)
E(i) ∝ Qw(i)b Single environmental variable (water-limiting) Wu et al. (2012)

III
E(i) = a + b[Rs · �/(� + �)] Multiple environmental variables (temperature, light and humidity) Ma et al. (2007)
E(i) = f (temperature, light, CO , . . .) Multiple environmental variables (temperature, light, CO , etc.) Present work
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a PAR(i) is the amount of incident photosynthetically active radiation at growth c
b Qw(i) is the amount of soil water content at growth cycle i.

DM generally exhibits poor accuracy regarding organ dry weight,
hereas the KDDM is able to improve its accuracy through empir-

cal knowledge of sink-source parameters, as evidenced by the
esults that the KDDM Com(P) exhibits a high predictive ability for
he dry weights of different types of organs, especially for the dry
eight of fruits (Table 8). On the other hand, the KDDM approach,

ompared with the GreenLab model, can provide a more accurate
valuation of the average potential biomass production (E) because
t may  utilize more environmental variables (i.e., the planting date,
he weight at planting date and the daily carbon dioxide concentra-
ion) (Fig. 5). By contrast, the GreenLab model, which often adopts
he FAO-24 radiation method, cannot provide an accurate evalua-
ion of E, especially when environmental variables are insufficient.

Furthermore, the variable contributions of four inputs used to
btain output from the KDDM Com were quantified (Table 9). Com-
ared with the models including global radiation (x3), the model
x1, x2, x4, x5) produced the worst result, which suggests that
lobal radiation (x3), which influences plant growth processes is
n important environmental variable. Fig. 3 shows that tomato
rops grew slowly in late autumn and winter (Exps. 10, 11 and
2) due to reduced radiation. The full model (x1, x2, x3, x4, x5) has

 better prediction accuracy than the four variable-combination
odels (x2, x3, x4, x5), which indicates that the planting date (x1)

ccounts for seasonal effects and can be considered to be the seed-
ng date of the crops. In fact, Fig. 3 shows that total dry weight
s highest for tomatoes planted between March and June (Exps.
, 4 and 5) and lowest for those planted after mid-September
Exps. 11 and 12). In particular, the effect of the planting date
x1) on crop growth was greatly magnified when in combination
ith the global radiation (x3); this effect was evidenced by the fact

hat the two four-variable combination models (x1, x2, x4, x5) and
x2, x3, x4, x5) performed significantly worse than the full model
nd the other four variable-combination models. The results sug-
est that all four variable-combination models have a much better
rediction accuracy than the GreenLab model (Tables 9 and 10).
herefore, in addition to ability to utilize domain knowledge and
nvironmental variables maximally, another main characteristic
f the KDDM approach is that it can be effectively applied even
hen one environmental variable (e.g., the planting date, the

lobal radiation) is missing. The case study confirms that the
DDM approach inherits advantages from both the KDM and DDM
pproaches.

In addition, we compared our method with generalized associa-
ive functional networks (GAFNs) (Qu and Hu, 2009), which can be
egarded as a simple case of the KDDM approach from the point
f view of model structure. The main difference between the two
ethods is the configuration of coupling due to the availability

f domain knowledge in different forms. The experimental results
uggest that although the performance, according to the BIC crite-
ion, was not as good as that of the GAFNs with more parameters

Table 10), the KDDM approach decreased the average and standard
eviation of RMSEte, which indicates that the performance of the
DDM approach is more reliable; it was even able to predict the
ry weights of different types of organs.
2

.

4.4. A new method for calculating average potential biomass
production

One of the important challenges for plant growth modeling is
model flexibility of dealing with environmental variables. Model
flexibility refers to the ability to flexibly adopt to variable changes
in a model. This feature is desirable in either a mechanism-based
study or a real application. In a mechanism-based study, one may
need to focus on a specific mechanism from which the related
environmental variables are considered. However, in different
application scenarios, modelers are required to design a model
from the given environmental variables which may  be different
due to the measurement facility. GreenLab provides model flexibil-
ity through the calculation of a function E(i), which is the average
potential biomass production during growth cycle i. According
to different environmental stress conditions during plant growth,
methods for calculating E in GreenLab are divided into three types
(Table 11): (I) E(i) is set to a constant without any environmen-
tal stress; (II) E(i) is assumed to be proportional to a non-optimal
single environmental variable under the conditions that other envi-
ronmental variables are assumed to be optimal; and (III) E(i) is the
potential evapotranspiration (PET) under multiple environmental
stress conditions. These methods can be regarded as mechanism-
based methods and are focused on the specific mechanism from
which the related environmental variables are considered. In this
paper, the KDDM Com approach provides a new method for calcu-
lating E from the given environmental variables by means of the
RBFN submodel (see III in Table 11). That is, it can not only utilize
the given environmental variables maximally for improved per-
formance, but also be effectively applied when one environmental
variable (e.g., light, temperature) is missing (see Section 4.3).

5. Conclusion

This paper presents a knowledge-and-data-driven modeling
(KDDM) approach for simulating plant growth. The results of the
application of the KDDM approach to a case study on tomato growth
revealed several benefits: (a) The KDDM approach is able to pre-
serve physically interpretable parameters (e.g., the source-sink
parameters) and has explanatory power in predicting plant growth.
(b) The proposed KDDM approach exhibits high accuracy in pre-
dicting the dry weights of leaves (including petioles), stems and
fruits even when observational data on the organs are unavailable;
this characteristic can greatly improve data collection efficiency
(only requiring measures of the total dry weight). (c) The DD sub-
model in the KDDM approach can effectively compensate for the
unknown part and error of the KD submodel due to uncertainty
during plant growth. (d) This approach can not only maximally
utilize domain knowledge and ecological data to improve model
performance, but it also effectively addresses situations associated

with adding and/or missing variables or data.

Furthermore, the present study provides a promising advance
regarding plant growth modeling using the GreenLab model. A
new version, which can be called GreenLab KDDM, is able to take
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dvantage of data-driven modeling approaches while maintaining
he physically based model as the core component. Although the
xperimental results on tomato data sets confirm a superior pre-
ictive power using the GreenLab KDDM, a more extensive study
f this novel model is needed. The GreenLab KDDM should be fur-
her developed as a generic tool for use in real-world applications
or other crops and plants.
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