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Hamilton-Jacobi-Bellman Formalism For
Optimal Climate Control of Greenhouse Crops
Ilya Ioslovich, Per-Olof Gutman, and Raphael Linker

Abstract— The paper describes a simplified dy-

However, optimal control concepts and non-

namic model of a greenhouse tomato crop, and

linear dynamic programming (NDP) in partic-

the optimal control problem related to the seasonal

ular have almost not been used in practice,

benefit of the grower. A HJB formalism is used and
the explicit form of the Krotov-Bellman function
is obtained for different growth stages. Simulation
results are shown.
Index Terms— HJB equation, Krotov-Bellman
function, Greenhouse optimal control.

due to the complexity of implementation, see
[47]. This paper is an attempt to alleviate the
complexity problem.
Optimal control theory, see [27], makes it
possible to ”transform” a known weather sequence over the growing season to an optimal

I. I NTRODUCTION

control sequence, by the simultaneous deter-

The fast growing sector of The greenhouse

mination of state and costate variables, and

horticulture sector is growing fast and is attain-

replace the seasonal optimization by instanta-

ing greater economic and social importance.

neous optimization of the Hamiltonian function

Many efforts have been made to develop ad-

at each time step. However, in addition to

vanced computerized greenhouse climate con-

numerical difficulties, the details of the weather

trol. In particular, different interesting and im-

are hard to predict. Here we do not assume a

portant optimal control approaches have been

detailed and correct weather forecast, but take

proposed, see e.g. [25], [24], [1], [3], [11], [43],

an approach based on the so called climate

[29], [30], [31], [32], [33], [34], [35], [36],

index, [42] , and on a simplified crop growth

[12], [9], [14], [16].

model. Then the Krotov version of nonlinear
dynamic programming (NDP), [40], is used

The authors are with The Faculty of Civil and Environmental
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off-line, and even before the growing season,
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to determine the scalar adjusted costate, [35],
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which may be interpreted as the optimal control

[41] are incorporated into this model, which

“intensity” [$/kg accumulated dry matter]. By

we shall call the MBM-A model. The MBM-

knowing the value of the adjusted costate,

A model was calibrated against the data from

the current weather measurement determines

simulations of the multivariable detailed TOM-

the instantaneous optimal control in an on-

GRO model, [4], [5]. The state variables of

line optimization procedure, [16]. Clearly, such

the MBM-A are x and y with given initial

a procedure is conceptually simple for the

conditions

grower, and numerically tractable.
The paper is organized as follows: section

x(0) = x0 , y(0) = y0 = 0.

(1)

2 contains the description of the model and

Here, x [kg d.m./m2 ] is the accumulated veg-

the statement of the problem. Section 3 is

etative dry mass, d.m., including green leaves,

devoted to a short description of the Krotov-

stems and green fruits. The variable y[kg d.m.

Bellman sufficient conditions, [40]. Section 4

/m2 ] corresponds to the harvestable red fruits

gives the description of the explicit Krotov-

(economic end-product). x0 > 0 stands for

Bellman functions for the three growth stages.

the seedlings obtained from the nursery. The

Simulation results are reported in Section 5,

steady state greenhouse model in [10] gives the

and the concluding remarks are found in sec-

function M (t, U )[kg/(day*m2 )], that represents

tion 6.

the daily rate of dry weight accumulation due
to net photosynthesis per unit of sunlit area,

II. D ESCRIPTION OF THE SIMPLIFIED

and depends on the current outdoor climate

MODEL AND STATEMENT OF THE PROBLEM

inputs at the moment t, and the vector of

The growth of the greenhouse tomato plant

control variables U , including greenhouse heat-

is described by two state variables which have

ing, ventilation and CO2 enrichment. There

different differential equations during different

is a known difference between photosynthesis

growth stages, [19]. These stages are: vegeta-

radiation effectiveness of the reproductive and

tive, vegetative-reproductive (mixed), and re-

the vegetative organs, [7], and the dimension-

productive. The partition factor that determines

less coefficient krv represents the ratio between

the allocation of the accumulated dry matter to

these values of effectiveness.

vegetative and reproductive parts of the plant
is different in each stage.
Many findings, developments and data from
February 20, 2008
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the canopy. It depends on the leaf area index,

to the units of daily dry matter accumulation.

L [m2 leaves/m2 floor], but can be approxi-

From (2) we have the equation

mately expressed as a function of the vegetative

dτ
= S(t, U )σ.
dt

dry mass, namely,

(4)

Similarly to [42] we assume that the following
f (x) = 1 − exp(−βx),

constant ratio holds,
M (t, U )/S(t, U ) = Kc .

see [35]. The coefficient β and other coef-

(5)

ficients were extracted from simulations of

For open field crops the dimensionless coeffi-

TOMGRO. The dimensionless constant value θ

cient Kc is a climate index that can be calcu-

represents the loss coefficient of the dry weight

lated from local climate data history. The mean

allocated to fruits, due to different factors such

daily temperature is strongly correlated with

as fruit abortions, etc.

the mean daily light, and light is strongly cor-

The determination of the switching time be-

related with photosynthesis. Therefore, a strong

tween growth stages is done in terms of τ , the

correlation between temperature and photo-

effective degree-days, EDD, see [41]. The value

synthesis can be assumed, e.g. approximately

of τ is a time integral of ET [o C],,

as in (5). Thus a coefficient Kc , the climate

τ=

Z t
t0

index, is an integrated value to characterize
ET dt,

(2)

where ET is the effective temperature of the
greenhouse crop canopy, i.e. the temperature

the climate. For greenhouse crops this index
corresponds to the source/sink activity balance
constraint, see [45]. The growth is said to be
‘balanced’ if the photosynthetic source strength

above a given threshold Tl ,

of carbon balances the sink strength of the
ET = max{0, (T − Tl )}.

(3)

effectively growing crop. In our greenhouse
tomato case, the coefficient Kc can be extracted

The time t = tf of the end of the season is

from TOMGRO, where this proportionality is

2

fixed. The value S(t, U ) [ kg d.m./(day m )]

clearly observed during balanced growth.

−1

is equal to ET σ , where
σ = 103 [day (o C m2 )/(kg d.m.)]
is a conversion factor due to the given units.
Thus S is the effective temperature converted
February 20, 2008
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dx
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dt
dy
= 0,
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This period starts at t = t0 and ends at τ = τ1 .

τ = τ2 , found from TOMGRO, can be restated

However, using (4), (6), and (5) one can see

as the condition x = x2 , where x2 does not

that

depend on the control sequence leading to it.
dx
= f (x)Kc σ.
dτ

(7)

From (8), (9), (4), and (10) we have
dx
= (1 − α)f (x)Kc σ
dτ
dy
= g(y)σ.
dτ

Thus it is easy to calculate the value x(τ =
τ1 ) = x1 which is independent of U (t). Therefore the end of the vegetative period is deter-

(11)

We recall that the values x(τ1 ) = x1 and

mined by the moment when x(t) = x1 .
In the intermediate (mixed) vegetative-

y(τ1 ) = y1 = 0 are already known, and notice

reproductive stage the rate of growth of the red

from (11) that the values x2 = x(τ2 ) and

fruits is limited by the potential sink demand

y(τ2 ) = y2 can be easily determined. It will

of the reproductive organs, and the equations

be shown below that x2 (τ2 ) = x( tf ), thus

of the process are

the value x2 is a boundary condition for the

dx
= M (t, U )(1 − α)f (x),
dt
dy
= M (t, U )g(y)/Kc .
dt

variable x at the final time tf .
(8)

During the third period (the reproductive

(9)

stage) all the assimilates are directed to the
reproductive organs, and the state equations

Equation (8) is an approximation, where the
approximation constant α is calibrated such
that the vegetative dry matter at the end if the
mixed period x(τ = τ2 ) is equal to the value
found in TOMGRO. Equation (9) is equivalent

become
dx
= 0,
dt
dy
= M (t, U )f (x)η.
dt

(12)

Here the notation is used

to
dy/dt = S(t, U )g(y).
Similarly to f (x),

(10)

g(y) is assumed to be

smooth increasing dimensionless function,
g(y) = ² + ν[1 − exp(−γy)].

η = krv θξ.

(13)

The overall fruit loss coefficient η for the
reproductive stage is a product of krv , θ, and ξ,
where the additional coefficient ξ < 1 is added
to reflect the fact that some photosynthetic

The coefficients ², ν, α, all dimensionless, and

assimilates are used to compensate for dying

γ [m2 /kg d.m.], are extracted from TOMGRO

leaves, etc. With this approximation we see that

simulations. The end of the mixed period at

x remains constant, while y is growing linearly.

February 20, 2008
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The reproductive period ends at the given final

fruit which remains constant during the

time t = tf . The final value x(tf ) = x2 is

vegetative state is limited by 0 ≤ y ≤

a fixed boundary condition at the end of the

y u (x1 ), where y u (x1 ) is the maximally

trajectory.

possible amount of fruit that could have

The performance criterion (the objective of

been achieved by the amount of vegetative

the optimal control problem) is
Q = cr y(tf ) −

Z tf
to

q(t, U )dt → max

parts at the end of the vegetative period.
Normally, the initial amount of fruit is

(14)

zero or negligibly small.

which represents the maximization of the
•

grower’s monetary net income, i.e. the differ-

y ≤ y u (x), where y u (x) is the solution of

ence between the sales price of the harvestable

the right hand sides of (9) and (12) being

(red) fruits and the cost of the greenhouse
operation,

R tf
to

Region 2 (mixed): x1 ≤ x ≤ x2 and 0 ≤

equal, i.e.

q(t, U )dt. Here cr [$/(kg d. m.)]

ηf (x) =

is the unit price of red fruits. The cost q(t, U )
is determined as

(15)

The mixed period ends, when y = y u (x)

q(t, U ) = ch h + cC C,

which will occur for x = x2 for the

where h [J/day/m2 ]is the heating, and C [kg
CO2 /day/m2 ] is the CO2 enrichment con-

g(y)
.
Kc

optimal trajectory. See Figure 1.
•

Region 3 (reproductive): x1 ≤ x ≤ x2

trol fluxes, respectively, and ch [$/J/m2 ], cC

and y ≥ y u (x). In the reproductive period,

[$/kg/m2 ] are the corresponding unit prices.

the sink demand of the fruit is limited

The objective function (14) contains a function

by the available source of photosynthetic

of the final state, and an integral part; thus it

materials.

is a so-called Bolza problem, see [8].
Due to the three different growth periods,
one may define different regions in the state

•

Region 4 (infeasible) : x0 ≤ x ≤ x1 ,
and y ≥ y u (x1 ), corresponds to unrealistic
initial conditions.

space (phase plane) which characterize the so-

Note that the border between Region 2 and

lution of the differential equation (6), (8), (9),

Region 3 is the line y = y u (x) which is the

and (12), illustrated in Figure 1. The regions

solution of (15) indicating the conditions when

are:

the sink demand of the reproductive organs is

•

Region 1 (vegetative): x0 ≤ x ≤ x1 , with

limited by the available source of photosyn-

the assumption that the initial amount of

thetic materials.
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Figure 1 also shows schematically the optimal trajectory of MBM-A, indicated by the

Krotov’s sufficient conditions are as follows.
For the system of differential equations

bold blue line.

dz/dt = f (z, u, t)

(16)

and the objective function
x2,yf

G(z, tf ) +

Z tf
t0

f0 (z, u, t)dt → min

(17)

the function R(z, u, t) is constructed as
y

R(z, u, t) = Vz (z, t)f (z, u, t)
4

3

−f0 (z, u, t) + Vt (z, t).

(18)

u

y (x1)
x0

1

2

x

1

0
0

x2,yu(x2)
x2

x

Here u ∈ U , and Vz , Vt are the corresponding
partial derivatives of the Lipshitz continuous
and piece-wise smooth Krotov-Bellman func-

Fig. 1. The characteristic solution regions in the state
space of equations (6), (8), (9), and (12). The optimal
trajectory is indicated in blue bold.

tion V (x, t). Note that the terms in (18) that
depend on the control u(t), i.e.
H(x, u, t) = Vz (z, t)f (z, u, t) − f0 (z, u, t)
(19)
is the Hamiltonian along the optimal trajectory,

III. K ROTOV-B ELLMAN SUFFICIENT
CONDITIONS .

We are using the Hamilton-Jacoby-Bellman
formalism in the form of Krotov-Bellman suffi-

to be maximized with respect to u at each time
t. The Krotov-Bellman sufficient conditions are
sup R(z, u, t) = µ(t),
u∈U

cient conditions, see [38], [39], [40]. Krotov’s

φ(z, tf ) = [G(z, tf ) + V (z, tf )],

approach is different from Bellman’s. Unlike

inf
φ(z, tf ) = φ(z ∗ (tf ), tf ).
z

Bellman [2], Krotov considered sufficient con-

Here z ∗ (t) is an optimal trajectory. It is easy

ditions for the global optimum. The Krotov

to see that the condition

function which will be called here the KrotovBellman function, coincides with the Bellman

φ(z, tf ) = const

(20)

(21)

function on the optimal trajectory. A compari-

can be used instead of the last equation in (20).

son of the Krotov and Bellman approaches can

Without lack of generality one can set

be found in [6].
February 20, 2008
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by the appropriate choice of a function ζ(t) and the Krotov-Bellman equation (20) is rewhich will serve as an additive time dependent

duced to the equation

part of V (z, t). When the system of equations

R(x, y, U, t) = M (t, U )p1x
∂ζ
−q(t, U ) + ,
∂t
∗
U = arg sup R(x, y, U, t)

(16) has discontinuous partial derivatives on
some manifolds in the (z, t) space, the KrotovBellman function has to be found separately in
each region delineated by the manifolds, and

(25)

U

Let us denote the constant coefficient of

then checked for continuity. More details on

M (t, U ) as N , i.e. N = p1x . Referring to

piece-wise smooth Krotov-Bellman functions

equation (19), the control vector U (t) for each

are found in [37].

moment t is found by maximizing the Hamiltonian

IV. D ESCRIPTION OF EXPLICIT
K ROTOV-B ELLMAN

N M (U, t) − q(U, t).

(26)

FUNCTIONS

which depends on the constant N . To explain

A. Vegetative stage

the significance of N , assume that the maxi-

Our approach to solve analytically the

mizing U is found by setting

Krotov-Bellman equation at different stages is
as follows. We construct the Krotov-Bellman
function as a sum of some “basic” functions
with unknown coefficients which are later de-

N

∂M (U, t) ∂q(U, t)
−
= 0.
∂U
∂U

(27)

Then, clearly
"

#

termined from the transversality and continuity

∂q(U, t) $/m2 /day
N=
∂M (U, t) kg/m2 /day

conditions on the borders between the different

and the unit of N is hence [$/kg]. We may

regions.

therefore interpret N as the intensity of cul-

In the vegetative stage, Region 1, we propose
1

V (x, y, t) =
+
where

p1x ,

p1y

Z y 1
py dy
0

g(y)

tivation or intensity of control effort, i.e. how

Z x 1
px dx

much the grower pays for a one kg increase

f (x)

of dry matter growth. Below we shall show

x0

+ ζ(t),

(23)

that N , defined as the coefficient of M (t, U ),
is constant throughout the growing season.

are constants. Thus from (6) and

(23) we obtain

The function ζ(t) in (23) can be chosen from
the condition

∂V 1
f (x) = p1x ,
∂x
February 20, 2008
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by the time integration of the function ∂ζ/∂t,

Thus, during the mixed stage we have

see (25), (22).

R(x, y, U, t) = M (t, U )N
∂ζ
−q(t, U ) + ,
∂t

We recall that the vegetative period is
bounded by the condition x0 ≤ x ≤ x1 , and

(35)

that the conditions 0 ≤ y ≤ y u (x1 ) is satisfied

from which U ∗ is obtained by maximizing (35)

automatically. Let us denote

over U . By assuming

Z x1

C1 =

x0

p1x
dx,
f (x)

p2y /Kc = p1x

and thus the value of the function V at x = x1
Z y 1
py dy
0

we get the function ζ(t), from (29). It is
essential that the function ζ(t) depends only

can be calculated as
V 1 (x1 , y, t) =

(36)

g(y)

on time t. From (36), and by denoting
+ C1 + ζ(t).

(30)

C2 (x) =

Z yu (x) 2
py dy

g(y)

0

,

(37)

we get, at the border y = y u (x),

B. Vegetative-reproductive stage

V 2 (x, y u (x), t) = C2 (x) + ζ(t) + C1 .

The mixed stage, Region 2, is determined by

(38)

the conditions x1 ≤ x ≤ x2 , and 0 ≤ y ≤
y u (x). We choose the Krotov-Bellman function

C. Reproductive stage
During the reproductive stage, Region 3, we

as
V 2 (x, y, t) =
where

p2y

Z y 2
py dy
0

g(y)

+ ζ(t) + C1 ,(31)

is a constant. By assuming
p1y = p2y

(32)

x = x1 . From (31), (9), (20), and (18) we have

February 20, 2008

V 3 (x, y u (x), t) = C1 + C2 (x) + ζ(t).

(40)

R(x, y, U, t) = M (t, U )p3y η
−q(t, U ) +
(33)

∂ζ
.
∂t

(41)

The optimal U ∗ is found by maximizing R over
U . By the assumption

We see that for the mixed stage
N=

(39)

From (12) and (39) we get

1
∂V g(y)
=
,
∂y Kc
Kc

p2y /Kc .

V 3 (x, y, t) = C1 + C2 (x)
p3 (y − y u (x))
+ ζ(t).
+ y
f (x)
On the border y = y u (x) it holds that

the function V (x, y) is continuous at the border

p2
R(x, y, U, t) = M (t, U ) y
Kc
∂ζ
−q(t, U ) + .
∂t

let

(34)

p3y η = N =

p2y
,
Kc

(42)
DRAFT
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and (29), we find that the function ζ(t) depends

applied to a real greenhouse, or to a compre-

on time, only. From (37), (38), and (40) it

hensive model, e.g. TOMGRO [4], [5] for on-

follows that V (x, y, t) is continuous at the

line optimization in order to obtain the optimal

border y = y u (x).

greenhouse control. The optimal trajectory of x
and y [kg d. m./m2 ] are shown in Fig. 1, using

D. Transversality condition

the TOMGRO and MBM-A models for the

At the end of the growing season we have

numerical example with periodically constant

the free value y(tf ) and the fixed value x = x2 . weather from [35]. The optimization algorithm
From the third of equations (20) and (14) we in [46] was used for the determination of
the control U (t) at each time step. We have

get
φ(x2 , y, tf ) = G(x2 , y, tf ) + V 3 (x2 , y, tf )
y(tf ) − y u (x2 )
= −cr y(tf ) + p3y
f (x2 )
+C1 + C2 (x2 ) + ζ(tf ).
(43)

used the data from TOMGRO instead of real
experimental data, because TOMGRO has been
carefully calibrated with a large experimental
data set.

Clearly, the function φ is constant if it holds
that
0.9

(44)

Hence we can get N from (42), p2y from (34),
and p1x from (36). This concludes the solution.
We now have all the constants that are needed
for the optimal control determination, and all
the Krotov-Bellman sufficient conditions are
satisfied. We recall that the constant value of

0.8

2

cr
.
f (x2 )

TOMGRO (bold) and MBM−A [kg d.m./m ]

p3y =

0.7
x
0.6
0.5
y

0.4
0.3
0.2
0.1
0

0

50

100
150
DFP (Days)

200

250

N can be seen as the intensity of the seasonal
control, or as an adjusted costate, see [35].

Fig. 2. Seasonal growth, x and y [kg d.m./(day∗m2 ]:
TOMGRO (bold lines) and MBM-A (dashed lines)

V. S IMULATION

models. Growth stages indicated. DFP is Day From

OF THE SOLUTION

Planting.

The optimal value of the constant seasonal
control intensity N can be approximately obtained from the MBM-A model above, and then
February 20, 2008
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VI. D ISCUSSION AND C ONCLUSIONS
A scheme of a seasonal optimal control

of Agric. Engn. Res., vol. 63(2), pp. 171–183, 1996.
[2] Bellman, R.

Dynamic Programming.

New Jersey,

Princeton University Press, p. 400, 1957.

policy determination based on the Hamilton-

[3] Chalabi, Z.S. ”A generalized optimization strategy for

Jacoby-Bellman formalism has been presented,

dynamic CO2 enrichment in a greenhouse”. Europ. J.

and the explicit Krotov-Bellman functions were

Operational Res., vol. 59, pp. 308–312, 1992.
[4] Dayan E., H. van Keulen, J.W. Jones, I. Zipori, D.

found for the different growth stages. This

Shmuel, H. Challa. ”Development, calibration and valida-

approach for the MBM-A model can then

tion of a greenhouse tomato growth model: I. Description

be used in conjunction with a comprehensive

of the model”. Agricultural Systems, vol. 43, pp. 145–
163, 1993a.

model like TOMGRO, [4], [5] in order to find

[5] Dayan E., H. van Keulen, J.W. Jones, I. Zipori, D.

the instantaneous on-line control depending

Shmuel, H. Challa. Development, calibration and vali-

on the currently measured weather inputs. We

dation of a greenhouse tomato growth model: II. Field

showed how the intensity of control, N , is

calibration and validation. Agricultural Systems, vol. 43
pp. 165–183, 1993b.

obtained from the MBM-A model. The TOM-

[6] Girsanov, I. ”‘Certain relations between the Bellman and

GRO model utilized this value by transferring

Krotov functions”’, SIAM Journal of Control, vol. 7(1),

it, together with the daily values of the leaf are

pp. 64–67, 1969.
[7] Gosse, G., Varlet-Grancher, C., Bonhomme, R., Chartier,

index (LAI) and dry weight of the vegetative

M., Allirand, J.M., Lemaire, G. ” Production maximale

organs (W), to the GH greenhouse model, [10],

de matiere seche et rayonnement solaire intercepte par un

together with data of the outdoor weather,

covert vegetal.” Agronomie, vol. 6(1), pp. 47–56, 1986.
[8] Goldstine, H. H. A History of the Calculus of Variations

[35]. The GH model calculates current values

from the 17th through the 19th Century.

of the control fluxes and the resulting indoor

Springer-Verlag, p. 374, 1980.

climate, and returned this data to TOMGRO.
Thus the overall scheme is rather simple and
transparent. Simulation results were shown and
compared with the theoretical solution of the
MBM-A model. We consider our scheme as a
possible and indeed promising basis for future
experimental work.

New York,

[9] Gutman P-O., Lindberg P-O., Ioslovich I., Seginer I. ”A
non-linear optimal greenhouse control problem solved by
linear programming.” J. Agric. Engng. Res. vol. 55, pp.
335–351, 1993.
[10] Hwang Y.K., Jones J.W.

”Integrating biological and

physical models for greenhouse environment control”.
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[11] Van Henten, E.J.
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Agricultural University, Wageningen, 1994.

R EFERENCES
[1] Aikman D. P. , ”A Procedure for Optimizing Carbon
Dioxide Enrichment of a Glasshouse Tomato Crop”. J.
February 20, 2008

[12] Ioslovich I., Seginer I. ” Normalized co-state variable for
seasonal optimization of greenhouse tomato production”.
Acta Hort., vol. 417, pp.87–94, 1995.
[13] Ioslovich, I., Seginer, I. ”Neural Networks for Dynamical
DRAFT

11

Crop Growth Model Reduction and Optimization,” D. W.

user accepted optimal control of greenhouse climate.”

Pearson, N. C. Steele and R. F. Albrecht (Editors), Artifi-

Computers and Electronics in Agriculture, vol. 26(3), pp.

cial Neural Nets and Generic Algorithms, Proceedings of

221–238, 2000.

the International Conference in Ales, France, SpringerVerlag, Wien, New York, pp. 352-355, 1995.
[14] Ioslovich I., Gutman P-O., Seginer I.

”A non-linear

optimal greenhouse control problem with heating and
ventilation.” Optimal Control Application and Methods,
vol. 17, pp. 157–169, 1996.

[23] Pucheta, J.A., C. Schugurensky, R. Fullana, H. Patino, B.
Kuchen. ”Optimal greenhouse control of tomato-seedling
crops”.Computers and Electronics in Agriculture, vol. 50,
pp. 70–82, 2006.
[24] Tchamitchian M., C. Kittas, T. Bartzanas, C. Lykas.
”Daily temperature optimisation in greenhouse by re-

[15] Ioslovich, I., Tchamitchian, M. ”Carbon Dynamics in

inforcement learning.” Proceedings of the 16th World

Plants -Application to Optimal Control of Greenhouses,”

IFAC Congress, Prague, Czech Republic. 4-8 May 2005

International Conference on Agricultural Engineering

(DVD), 2005.

(AgEng 98), Paper N B008, August 24 - 27, 1998, Oslo,
Norway, Conference Proceedings (CD-ROM), 1998.
[16] Ioslovich, I., Seginer, I.

”Approximate seasonal opti-

[25] Schapendonk, A.H.C.M., H. Challa, P.W. Broekharst and
A.J. Udink ten Cate.

”Dynamic climate control; An

optimization study for earliness of cucumber production”.

mization of the greenhouse environment for a multi-state-

Scientia Horticulturae, vol. 23, pp. 137–150, 1984.

variable tomato model”. Trans. ASAE, vol. 41, (4), pp.

[26] Van Ooteghem, R. J. C. Optimal Control Design for

1139–1149, 1998.
[17] Ioslovich I., P.-O. Gutman. ”Optimal control of crop
spacing in a plant factory”. Automatica, vol. 36, pp.1665–
1668, 2000.
[18] Ioslovich, I. and I. Seginer. ”Acceptable Nitrate Con-

a Solar greenhouse. PhD thesis, Wageningen University,
Wageningen, The Netherlands, 2007.
[27] Pontryagin, L. S., Boltyanskii, V. G., Gamkrelidze, R. V.,
and Mishchenko, E. M. ”‘The Mathematical Theory of
Optimal Processes”’. Wiley-Interscience, NY, 1962.

centration of Greenhouse Lettuce: Two Optimal Control

[28] Seginer, I. ”Some artificial neural network applications

Policies.” Biosystems Engineering, vol. 83(2)pp. 199–

to greenhouse environmental control.” Computers and

215, 2002.

Electronics in Agriculture, vol. 18(2-3), pp. 167–186,

[19] Ioslovich, I., P.-O. Gutman, R. Linker, 2007. ”Simple

1997.

model for optimal control of greenhouse production”,

[29] Seginer I., Angel A., Gal S., Kantz D. ”Optimal CO2

Proceedings of IFAC Int. Conf. on Modelling and Design

enrichment strategy for greenhouses. A simulation study.”

of Control Systems in Agriculture (Agricontrol 2007),

J. Agric. Engng. Res., vol. 34, pp. 285–304, 1986.

Osijek, Croatia, (DVD).
[20] Lopez Cruz, I. L., L. G. van Willigenburg and G. van
Straten. ” Optimal control of nitrate in lettuce by a hybrid
approach: differential evolution and adjustable control

[30] Seginer I. ”Optimal greenhouse production under economic constraints”. Agric. Systems, vol. 29, pp. 67–80,
1989.
[31] Seginer I., McClendon R.W.

”Methods for optimal

weight gradient algorithms.” Computers and Electronics

control of the greenhouse environment.” Trans. ASAE,

in Agriculture, vol. 40(1–3), pp.179–197, 2003.

vol. 35(4), pp. 1299–1307, 1992.

[21] Van Straten, G., L. G. van Willigenburg and R. F.

[32] Seginer, I., G. Shina, L.D. Albright and L.S. Marsh.

Tap. ”The significance of crop co-states for receding

”Optimal temperature setpoints for greenhouse lettuce”.

horizon optimal control of greenhouse climate.” Control

J. Agric. Eng. Res., vol. 49, pp. 209–226, 1991.

Engineering Practice, vol. 10(6), pp. 625–632, 2002.
[22] Van Straten, G., H. Challa and F. Buwalda. ”Towards
February 20, 2008

[33] Seginer, I. and A. Sher. Optimal greenhouse temperature
trajectories for a multi-state-variable tomato model. in:
DRAFT

12

The Computerized Greenhouse, (Hashimoto et al., Eds.),
pp. 153–172, Academic Press, 1993.

”Equivalence of the

temperature integral and the carbon dynamics concepts in

[34] Seginer, I. and I. Ioslovich. ”Crop model reduction and
simulation in reduced space”, Acta Horticulturae, vol.

plants: utility for control.” Acta Horticulturae, vol. 519,
pp. 171–180, 1998.
[46] Shor, N. Z. Minimization methods for non-differentiable

406, pp. 63–71, 1996.
[35] Seginer, Ioslovich, I.

[45] Tchamitchian, M., Ioslovich, I.

”Seasonal optimization of the

greenhouse environment for a simple two-stage crop

functions. Springer-Verlag, Berlin, 162 pp., 1985.
[47] van Straten, G., Challa, H., Buwalda, F.,

”Towards

growth model”. J. Agric. Engn. Res., vol. 70, pp. 145–

user accepted optimal control of greenhouse climate,”

155, 1998.

Comput. Electron. Agric., vol. 26, pp. 221-238, 2000.

[36] Seginer I., I. Ioslovich. ”Optimal spacing and cultivation
intensity for an industrialized crop production system”,
Agric. Systems, vol. 62, pp. 143–157, 1999.
[37] Khrustalev, M. M. ”Sufficient conditions for an absolute
minimum”, Dokl. Akad. Nauk (Russian), vol. 174, pp.
1026–1029, 1967.
[38] Krotov, V. F. ”Methods for solving variational problems
on the basis of sufficient conditions for an absolute
minimum. I.”,

Automation and Remote Control, vol.

23(12), pp. 1473–1484., 1962.

Ilya Ioslovich was born in Moscow,
Russia, in 1937. He received the M.Sc.

[39] Krotov, V. F. ”A Technique of Global Bounds in Optimal
Control Theory”, Control and Cybernetics, vol. 12(2-3),

PLACE
PHOTO

pp. 115–144, 1988.
[40] Krotov V.F. Global methods in optimal control theory.

HERE

degree in Mechanics from the Faculty of
Mechanics and Mathematics, Moscow
State University in 1960, and Ph.D. degree in Physics and Mathematics from

M. Dekker, NY, USA, 1996.
”Growth of

the Faculty of Applied Mathematics, Moscow Institute of

lettuce, onion, and red beet. 1. Growth analysis, light

Physics and Technology (PhysTech) in 1967. He was awarded

interception, and radiation use efficiency.” Ann. of Bot.,

two silver medals by the Soviet All-Union Exhibition for

vol. 78, pp. 633–643, 1996.

Industrial Achievements (1976, 1983). He immigrated to Israel

[41] Tei, F., Scaife, A., and Aikman, D. P.

[42] Ioslovich I., P.-O. Gutman. ”On the botanic model of

in 1991, and since then he is with the Faculty of Agricultural

plant growth with intermediate vegetative-reproductive

Engineering, until 2003, and the Faculty of Civil and Environ-

stage.” Theor. Pop. Biol., vol. 68, pp. 147–156, 2005.

mental Engineering, Technion—Israel Institute of Technology,

[43] Tap, R. F.; Van Willigenburg, L. G.; Van Straten, G.
”Receding horizon optimal control of greenhouse climate
based on the lazy man weather predictions,” 13th IFAC
World congress, San Francisco, CA, Proceedings, Vol. B,

Haifa, Israel. Since 2002 he holds the position of Visiting
Professor. His research interests include optimization of agricultural, environmental and transportation systems, optimal
control, identification and modelling.

pp. 387–392, 1996.
[44] Tchamitchian, M., van Willigenburg, L.G., van Straten,
G. ”Optimal control applied to tomato crop production
in a greenhouse.” Proceedings of the European Control
Conference, Groningen, vol. 3, pp. 1348-1352, 1993.
February 20, 2008

DRAFT

13

Per-Olof Gutman (SM’99). He was

Raphael Linker was born in Charleroi
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