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ABSTRACT

Objective: Under external environment stimuli, seedlings undergo variation of morphology and alterations in their genetic sequences. Phytochrome 
signaling, i.e., feedback reaction of plants to photons and other nutrient cycle plays a crucial role in its maturation. 

Method: In this research work, we create a cyber-physical system to control such morphogenesis of plants through the help of artificial intelligence 
framework which identifies and control the crucial feedback between plants’ genetic transcription with respect to the external stimuli such as 
nutrients, electricity, and magnetism.

Results and Discussion: This leads a plant to autonomously grow without its disadvantageous traits by destabilizing its negatively acting 
transcriptional regulators and enhance the plant’s advantageous features by controlling its positively acting transcriptional regulators. This has led us 
to control the plant metabolism, plant growth without soil, manipulate the immunity of plant against disease, develop a plant metabolic profile, and 
maximize its yield deprived off from its seasonal attribute.
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INTRODUCTION

There is an increasing need to recirculate and reuse nutrient solutions 
with a specific end goal to diminish environmental and monetary 
expenses in hydroponic system [1-4]. However, the advances in 
hydroponic system caused the following problems:
1.	 One of the weakest points in hydroponics is the absence of qualitative 

information on managing nutrient solution. Numerous cultivators 
and research scientists dump out nutrient solutions and refill 
at week after week interims. Dumping and supplanting solution 
on iterative basis is superfluous. Monitoring ions in solution is 
not always necessary. The quick consumption of a few nutrients 
regularly makes individuals add poisonous measures of nutrients to 
the solution. Monitoring ions in hydroponic solution is an intriguing 
aspect, yet it is not a compelling process for effective nutrient 
management [5-8].

2.	 Second, due to the absence of soil in hydroponic system, there 
emerges the issue of root and its hair growth to empower viable 
absorption of nutrients. The hydroponic buffer solution neglected 
to instigate root hairs on the roots of onion, corn, and so on. Further, 
this causes lower respiration rates of the plants’ root and it ascends 
as biomass with algae as the age of plants increments. In this manner, 
the respiration rate of plants gets affected with higher CO2 fixation in 
hydroponic system. The oxygen concentration is subject to the gas–
fluid interface framed on the upper surface of the hydroponic fluid, 
as given by Henry’s law, contingent upon weight and temperature 
conditions. Respiration rates of the plants diminish in an exponential 
way with plant age and microbial movement, consequently bringing 
on inefficient yields in hydroponic system [9-13].

In this research project, we propose a cyber-physical system (CPS)-
based environment to analyze the nutrient uptake and metabolic 
process in plants to control their transcriptional regulators in 
addition with enhanced plant root growth through electrical and 
hydroscopic incitement to give a computationally invigorated root 
growth environment [14-18]. This controls the actuation of root 
growth and root hair development in accordance with computer-

controlled nutrient management module. This system will improve the 
root respiration and proficient management of O2 and CO2 in closed 
hydroponic environment to empower high root respiration rates, 
effective absorption of nutrients, and give higher yield.

METHODS

During the past two decades, nutrients have been managed manually in 
closed hydroponic systems according to the principle of “mass balance,” 
which implies that the mass of nutrients is either in solution or in plants. 
The nutrients in the hydroponic solution can be divided into three 
groups with characteristics based on how quickly they are removed 
from solution. Plants quickly remove their everyday apportion of a few 
nutrients while different nutrients settle down to accumulate in the 
solution. This implies that the concentrations of nitrogen, phosphorous, 
and potassium can be at low levels in the solution (0.1 mM or a few 
ppm) after absorption because these nutrients are already absorbed 
in the plant. However, in the next refill state, ungauged nutrient in the 
hydroponic solution will impart from nutrients to the plants than it is 
required, leading to harmful effects in plant growth. Here, phosphorous 
has to be maintained at minimum 0.5 mM in the recirculating solution, 
the concentration of phosphorous in the plant could increase to 1% of 
the dry mass, which is 3  times higher in comparison to the optimum 
concentration in most plants. This high phosphorous level can induce 
iron and zinc deficiency. Maintaining high concentrations of nutrients in 
the solution can bring about exorbitant uptake that can lead to nutrient 
imbalances. Low concentrations in the refill solution are difficult to 
monitor and control that should be mandatorily maintained in the 
circulating solution. The errors in measurements, for K, P, and Mn can 
be 10 times higher because the solution levels are lower. Owing to the 
differential rate of nutrient uptake, conductivity measurements mostly 
measure the calcium, magnesium, and sulfate remaining in solution. 
The contribution of micronutrients remains <0.1% to electrical 
conductivity. Therefore, spending efforts in sensing nutrient content in 
hydroponic solution is fruitless, as it does not impart any contribution in 
deciding the next consecutive recipe of refill concentration of nutrients 
in the hydroponic solution [19,20]. It is thus important to comprehend 
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the standards for nutrient substitution, particularly when the solution 
is continuously recycled over the life cycle of a crop. It seems that 
automatic addition of refill solution and effective nutrient circulation 
system are required to avoid depletion.

Here, the idea is to analyze and alter the nutrient concentration and 
composition with the growth stage of the plant to decrease nutrient 
aggregation in the solution. Consequently, to make this method efficient, 
we also need to solve the problem of root and root hair growth. As root 
growth primarily occurs during early vegetative growth and is less 
critical amid late vegetative growth, root growth decreases and even 
stops during reproductive growth. Analysis and modeling of hydroponic 
solution is unnecessary, inaccurate, and difficult to interpret, but 
analysis of plant tissue in association with nutrient absorption through 
near-infrared spectroscopy for nutrient detection method is useful, 
accurate, and relatively easy to interpret. The ionome of a plant or plant 
part comprises all the elements, including essential, beneficial, and in 
some cases, even toxic elements [21]. The homeostasis of the plant 
ionome is controlled by a vast network of interactions between the 
different elements, a subset of which is presented graphically in Fig. 1a. 
In our preliminary research, the computational modeling experiments 
focus exclusively on identifying one or a selected few elements, sensitive 
to alterations in the interactions. Previously, as in most cases, it is not 

possible to predict elemental interactions in this giant network, as too 
many factors of the ionome regulation are still unknown. However, 
we deployed our own mathematically modeled coactivated dynamic 

Fig. 3: Output of electrically stimulated enhanced root growth

Fig. 2: Topological representation of the functional coactivation network. (a) Force-based layout of the minimum spanning tree is used 
to locate nodes in relation to their topological (rather than anatomical) proximity to each other. Different modules are coded by color, 

and rich-club nodes are represented by squares, with the size of all nodes proportional to their weighted degree (strength). (b) Nodes in 
anatomical space colored according to proportion of times present activations and deactivations. Nodes arranged in the same layout as a, 
and colored as in b. Also, note that the rich club concentrates most of the activations, whereas the periphery and particularly the default-

mode network concentrate the deactivations. Edges represent the top 1 percentile of the most consistently reported activations and 
deactivations (no directions shown for clarity purposes). Edges can be seen spanning across different modules

ba

Fig. 1: (a) Near-infrared transmission spectroscopy of plants revealing chemical interactions between nutrient elements with essential, 
beneficial, and toxic elements. (b) With the help of dynamic Boolean networks and the processing of information corresponding to 

elemental interactions with the concentrations, we developed a metabolic profile of the plant tissue

ba
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Boolean networks (DBNs), which give the results in accordance with 
the experimentally determined elemental interactions (Fig. 1b). The 
presented approach is more feasible with the developments in multi-
elemental analytical methods as well as easily accessible programs for 
multivariated investigation to outline the profile of metabolic system. 
This overview of the plant ionome will enable nutrient management in 
consequent refill of hydroponic solution, diagnosing physiological and 
biochemical changes within the plant, by the utilization of ionomics, 
biomarkers for nutrient imbalances as well as other biotic and abiotic 
stresses can be found. In addition, it might serve as a less expensive 
and quicker technique for phenotyping mutants compared. Further 
research in this area will attract growing attention in automated 
hydroponic systems [22,23].

In DBN, coactivation network was topologically complex in several 
ways. The nodal degree distribution was fat-tailed with high-degree hub 
nodes to be located in presented polymorphic DBN using sequence of 
information to excite the necessary regions and access the information 
in an associative form [24-26]. This enables the machine not only to 
learn but also enables it to embark the cross relationship between 
various data for prediction or simulation-based logical conclusion. 
Physically, this topology was embedded parsimoniously, in terms of 
the connection distance between coactivated nodes (Fig.  2). Most 
connections or edges were separated by short sequence of excitatory 
data, significantly shorter than random networks; with p<10−3 in 
the permutation test. Relatively few edges were of long distance and 
these were often interhemispheric projections between bilaterally 
homotopic regions where 14% of longest connections (defined as top 
10 percentile) were homotopic, significantly more than random.

Although the network cost was overall low, as measured by the 
distance of connections, the network topology still managed to balance 
integration and segregation between all topological artificial neural 
regions: The clustering of the network threshold at sparse levels was 
much higher than random, while retaining a similar path length, i.e., it 
was small world. In all these aspects, the organization of the coactivation 
network was convergent with properties of a comparable functional 
connectivity network generated from resting state of excitatory 
sequences. As known from a prior study, and reproduced here, the 
polymorphic DBN based neural networks for feature extraction and 
encoding of it for the feature sets are used), with fat-tailed degree 
distributions and parsimonious distance distributions between its 
weighted connectio.

For the coactivation network, it was possible to assign functional as well 
as anatomical labels to the modules using Boolean networks. To do this, 
we will consider the high-level behavioral domains used which describe 
each contrast in the primary literature: Action, cognition, interaction, 
perception, and interoception. We then labeled each edge according to the 
domain most frequently causing coactivation of the corresponding pair of 
regions. In the occipital module, the highest proportion of intramodular 

modeling is set aside; as once modeled, the polymorph neural network has 
proven its evolutionary nature and self-modeling in dynamic scenario in 
previous studies corresponded to coactivation by perception (39%) and 
the other domains coactivated <20% each; similarly, in the default-mode 
module, other domains each accounted for <21%; whereas, in the central 
module, 62% of intramodular edges were coactivated by action [27].

The second problem is to computationally stimulate the root growth 
of the hydroponic plants using electric fields. Root morphology was 
strongly affected by the electric field applied, and a significant variation 
in root growth rate was observed along the gradient. Here, the relation 
between stimulation and change in the parameters of root growth is 
also modeled with DBN to determine the current stimulation pattern. 
Fig. 3 shows a pronounced length, root hairs’ development, and root 
branching, compared to the plants grown with negatively charged 
collar. The preliminary works are shown in Fig. 3.

CONCLUSION

The presented application-based research as an outcome from the 
collaboration is aimed to integrate the presented computational 
and CPS framework with the generic existing infrastructure of both 
countries to furnishing the commercial demand of scalable CPS-based 
hydroponic system in low-cost settings. This is a huge achievement as it 
will allow farmers to drastically cut cost in crop production, more yield 
in less area, brings automation in crop growth, and enable farmers to 
directly connect with the consumers as the web framework allows 
them to directly sell and lease the food resources to the consumers. 
It allows the drastic reduction in greenhouse gasses, and farmers can 
come together to scale the system.
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nutrient management and root growth pattern (Fig. 4).
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