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Supplement 1. The implementation process of the open resource layer

For simplicity, a user means the plant scientist or an agricultural engineer, who uses this framework to achieve plant growth control through his/her preferred programming language.

A. Physical device management: The implementation of the open resource platform requires effective management and reasonably detailed description of each physical device, especially for physiological information acquisition device. To realize the open configuration of physical devices, the control board needs to abstract the information obtained from a sensor and to send it to the actuator as the following 5 items, so that the physical devices may be conveniently configured and even replaced with other devices.
	(1) ID, the device number, which provides a unique identifier for each device;
	(2) Type, the type of the device, including the sensor type (S) and the actuator 	type (C);
	(3) State, the on or off status of the device;
	(4) Value, the value uploaded by or sent to the device;
	(5) Function, the function explanation of the device. 

[bookmark: _Hlk67302975]Examples of the above are shown below (Table 1S). 

Table 1S. Examples of six device attributes after abstraction.

	ID
	Type
	State
	Value
	Function

	S001
	S
	ON
	21.5℃
	Temperature read

	S002
	S
	OFF
	-
	Temperature read

	C001
	C
	ON
	OPEN
	Heater control



[bookmark: _Hlk87174335]Note: In the ID column (Table 1S), the letter C indicates actuator control commands, and the letter S indicates sensor data reading. The first two lines show data uploaded by the sensors. For S001, the temperature sensor is turned on and the collected temperature value is 21.5℃, while for S002, the temperature sensor is turned off. The last line indicates the target actuator that need to be controlled. For C001, heater actuator is turned on. If a device is broken and continuously sends erroneous information, the timeout function in the control board is set to be triggered. When a certain set threshold is exceeded, the controller will be automatically shut down.
The physical device management system also has the function of device registration. The open framework reserves physical interfaces for additional sensors and actuators, whenever needed by the users. Users can freely configure sensors and actuators through standard communication ports. However, some standard communication port protocols need to ‘address’ the devices, so that when the users add or replace physical devices, they would need to register the devices through the physical device management software in order to assign proper addresses. 

B. Device data storage: The open resource layer needs to parse and store the information when receiving sensor data and control commands. However, the information may be lost during wireless transmission. Thus, it is important to filter out useless and erroneous information and extract only useful information for storage. Examples of received information format are shown in Table 2S.

 (
Table 2
S
. 
Examples of received information format.
Information part
Check part
ID
Type
State
Value
Function
CRC
C001
S
ON
OPEN
Heater control
CRC_C001
S002
C
ON
22.5℃
To read temperature
CRC_S002
)
A cyclic redundancy (CRC) check is required for the above work. In the Table 2S, CRC_C001 is the CRC value at the control moment of C001. CRC_S002 is the value at the control moment of S002. The received information is divided into an information part and a check part. During information transfer, the CRC value of the information part is calculated; if it is different from the check part, the information may have been corrupted or tampered with during wireless transmission, so this received information is discarded. 
If the CRC check is successful, the information part is read and stored in the database or filed on the cloud server. The device data storage flowchart is shown in Fig. 1S.
 (
Fig. 1
S
. Flowchart for device data storage.
)
C. Open resource control: Open resource control is the key to build the open system. It is mainly divided into the API and server processing program design. The API is designed to allow the use of common programming languages, such as MATLAB, Python, and C/C++. Server processing program is a network program that can communicate with the API.
Users add the API to the working path of their own program and then call the functions in the API to realize sensor data acquisition and actuator control. They do not need to know the design of the entire framework and the implementation of the open-source layer. Example functions that can be called by users are shown in Supplement 2 and in Supplement 3 (see later).
The data flow to the open-source layer is divided into two parts, the first part is what the user requests from the API, the second part is the sensor data or actuator control command from the physical device. To correctly obtain the data flow from the two parts, a server processing program needs to be written so that user requests can be correctly serviced to complete the data acquisition and the actuator control.
Server processing program is responsible for processing the API requests and determining whether the owner of the API file has the permission (see Service authority management). If the permission is allowed, the user request is sent to the corresponding physical device for query or control operation, and the query result and actuator status are sent to the user and stored in the cloud server database. The open resource control framework is shown in Fig. 2S. 

Fig. 2S. The open resource control framework.

D. Service authority management: Service authority management is responsible for the authority assignment of the API and the application layer program.
In the authority assignment process of the API, a user needing an API for action control needs to apply to the open platform with the necessary functions. After receiving the application submitted by the user, the service authority management system allocates the API to the user. At the same time, the service authority management system stores the authority that can be used by the API to prevent the user from using unauthorized material. When the user uses the API, the service authority management system determines whether the functions called are authorized for use by the user. 

Supplement 2. The data query commands and descriptions

Table 3S shows the meaning of the commands and the corresponding measurable range of the parameters (temperature, humidity, light intensity, CO2, and relative Chl a fluorescence intensity)

Table 3S. The data query commands and descriptions.

	Command
	Meaning
	Return value
	Description

	Select_Parameter (“Tem”)
	Current temperature value
	Two integers and two decimals
	00.00℃ – 60.00℃

	Select_Parameter (“Hum”)
	Current air humidity
	Two integers and two decimals
	00.00% – 99.99%

	Select_Parameter (“Lig”)
	Current excitation light intensity
	Two integers
	00 – 99%

	Select_Parameter (“Dio”)
	Current CO2 concentration
	Four integers
	0000 – 
5000ppm

	Select_Parameter (“Flour”)
	Current chlorophyll a fluorescence value
	Four integers
	0000 – 1500 relative value



In the above table, Command represents the code executed by users in Matlab; Meaning represents the actual meaning of one command; Return value represents the return value of the code executed in Matlab, usually a fixed-digit integer or an integer plus a decimal; and Description is the measurement range of the corresponding sensor.

Supplement 3. The control commands and their description

In Table 4S, we show the environmental parameters that can be controlled and the corresponding control range of the designed plant chamber.

Table 4S. The control commands and descriptions.

	Command
	Meaning
	Return value
	Description

	Control_Operator (“Tem_00xx”)
	Control temperature value
	Tem_1 correct control
Tem_0 error control
	xx: the control range is 00 - 40 ℃

	Control_Operator (“Lig_00xx”)
	Control excitation light intensity
	Lig_1 correct control
Lig_0 error control
	xx: the control range is 00 - 99%

	Control_Operator (“Dio_000x”)
	Control CO2 concentration
	Dio_1 correct control
Dio_0 error control
	x: CO2 release time range is 0 - 5s



The above Table shows that the range of the temperature control is 0–40°C; usually the control overshoot is 2°C, and the error is 1°C. We note that it takes 500 seconds to go from 20°C to 30°C, but it takes 1200 seconds to go down from 30°C to 20°C. On the other hand, the excitation light is from zero to 99%. Zero (0) means no excitation light, which corresponds to a completely dark state, and 99 represents the highest excitation light intensity. 
In the CO2 control, the release of pure CO2 on site will cause the concentration of carbon dioxide to rise rapidly, and, thus, its release is controlled in time (seconds) to avoid waste of CO2. At the same time, if the current CO2 concentration would be equal to the maximum value measured by the sensor, CO2 will not be released temporarily, and the users will receive an error control message.
All the sensors, actuators and some parts including light bulb, heater, and refrigerator can be replaced with other models.
Since all query and control commands are transmitted wirelessly through the Internet, it is necessary to ensure that the computer calls to the API files are connected to the Internet.

Supplement 4. Detailed plant growth experiment process and wireless transmission method

A user uses the open platform to complete a plant growth experiment process as follows. Data uploaded by the sensors are transmitted to the control board through the RS-485 protocol, and then the control board uploads data to the cloud server through the Wi-Fi module (the client network device). The user calls these data and uses his/her own control algorithm programmed in a preferred computer programming language to generate control commands. These commands are transmitted to the control board through the Wi-Fi module (the server network device) and executed to activate the corresponding actuators through the RS-485 protocol.
The Wi-Fi module uses the TCP (Transmission Control Protocol) for wireless transmission, which is a reliable connection-based transmission method. This protocol is divided into a TCP Server program and a TCP Client program. In the open platform, the TCP Server program is deployed on the cloud server to handle data transmission of the growth chamber as well as that of users. The TCP Client program is divided into a growth chamber program and a user program. The former is deployed in the control board, and the latter is encapsulated in the API. Pseudo codes of the TCP Server program and the TCP Client program are shown below as Algorithm 1 and Algorithm 2, respectively. 


Supplement 5. Details of the plant growth chamber

The outer shell of the plant growth chamber is made of aluminum alloy (outer diameter is 0.8m × 0.8m × 1.6m). 

Table 5S. Specifications of the plant growth chamber parts.

	Item
	Vendor
	Product

	Growth chamber body
	Foan Automation Co., Ltd. (China)
	FOAN-300L

	Control board
	Texas Instruments (USA)
	STM32F103

	Integrated temperature and humid sensor
	Renke Control Technology Co., Ltd. (China)
	RS-GZWS-N01-2

	CO2 sensor
	Renke Control Technology Co., Ltd. (China)
	RS-C02-N01-2LW

	Fluorescence sensor
	Lushixin Sci. & Tec. (Wuxi) Co., Ltd. (China)
	LSX-FL-N01

	Heater actuator
	Juchenshi Intelligent Technology Co., Ltd. (China)
	JCS-heater

	Refrigerator actuator
	Danfoss (Denmark)
	SC10C

	CO2 bottle
	Shenzhong Industrial Gas Co., Ltd. (China)
	TS2210596 GB5099 1L/min

	Growth light
	OVTAI Optoelectronics Co., Ltd. (China)
	Blue-LED 450-470nm

	Fan
	AUX Co., Ltd. (China)
	AUX-C7-1
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Algorithm 1. TCP Server program 

1: Create a socket   through Socket function  

2: Bind the socket  to local address through Bind function  

3: Use Listen function to enable TCP 

server monitoring

 

4: Use Accept function to receive client connection and  

create a new thread  

5: If thread  = growth chamber upload data  

6:      Store data in cloud server database  

7: else if thread   = user query request from API  

8:     Return data queried by the user  

9: else thread  = user control command from API  

10:   Store the command in cloud server database and 

send it to corresponding actuator  

11: end if 

 

Algorithm 2. TCP Client program  

1: Create a socket through Socket   function  

2: Use Connect function to connect the socket to remote server,   

named client 

3: If client  = growth chamber  

4:     Send sensor data from growth chamber through Send function  

5:     Wait to receive control commands through Receive function  

6:     Store data in cloud server database  

7: else if client = API  

8:     Send query request and control command through Send function

 

9:     Wait for query results and control status through 

Receive function

 

10: Close the socket   through Close function  

11: end if 
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