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ABSTRACT
This work describes the recent effort conducted at UC Davis to couple multi-row synchronized precision planting in a grid planting pattern with automated, synchronized precision intra-row mechanical weed removal in a systems approach to automated weed control in vegetable crop production in California.  Selecting tomato as the target vegetable crop, a three-row synchronized intra-row weed control system was developed that utilized a co-robot design approach to automation of intra-row hoeing mechanism.  In this design, a set of three co-robot actuators automatically positioned three pairs of miniature hoes into the intra-row zone between crop plants in three adjacent rows.  Co-robot hoe actuation was controlled using a priori knowledge of the crop planting pattern and real-time odometry data as the control input for hoe positioning.  All three co-robot systems acted synchronously; simultaneously moving their pairs of hoes in and out of the intra-row zone in sync with the multi-row grid planting pattern and the forward travel of the weeding platform.  Low-frequency drift in the odometry control points relative to the actual plant locations was corrected occasionally as needed in real-time by the co-robot's human supervisor who was monitoring system performance. 
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INTRODUCTION
Automation of individual crop plant care in commercial vegetable crop fields has increased practical feasibility  and improved efficiency  and  economic benefit


if a systems approach is taken in the engineering design to mechanization that incorporates precision planting techniques.  In addition to the optimization in the biological productivity of crop plants when the spatial distribution of crop plants allows their uniform access to nutrients, water and light in an optimum utilization of field resources, the performance and efficiency benefits extend to the mechanization aspects of precision farming when a precise planting pattern can be implemented that facilitates automated plant localization as well as facilitating the interface of farming mechatronic systems with the crop plants and the surrounding soil.
To facilitate the economic feasibility of a co-robot design approach to mechatronic weed control, the human resources need to be minimized while the robotic aspects need to be maximized.  This optimization was achieved by simultaneously developing a precision three-row synchronized transplanting system, where the three transplanting modules were mechanically synchronized to allow precise placement of the tomato seedlings in a three-row grid planting pattern.  Typically, transplanting modules used in vegetable crops in California act asynchronously, resulting in a random offset of the plant locations between rows in a plant care set.  This creates a chaotic management environment for the human supervisor monitoring co-robot weed control actuation decisions forcing a decline in economic productivity either by increasing the human to robot resource ratio or by decreasing the travel speed of the vehicle.  In contrast, the systems approach utilizing a synchronous design for both planting and weed control actions demonstrated in this work, allows one human supervisor to monitor the actions of three co-robotic weed control modules, increasing the economic productivity.
The objective of this work was to develop and test an integrated system for automatic intra-row weed control in vegetable crops grown in rows.  The research was specifically designed to test two key features of the integrated automatic weeding system:
1. Transplanting mechanization that allowed multiple planting units to move synchronously, so that all planting arms placed and released vegetable crop plants into the soil at the same time, creating a precise multi-row grid planting pattern within each multi-row planting pass.  The target crop in this study was tomato and the number of rows per pass was three.
2. Potential yield loss due to the accidental entry of the co-robot's miniature hoes into the close-to-crop zone when a single human supervisor was simultaneously monitoring the performance of three co-robotic, automatic intra-row weeding systems operating in adjacent rows.
MATERIALS AND METHODS
Design of a synchronized precision transplanter
A three-bed, synchronized precision transplanter was designed to plant vegetable crops in a three-row grid pattern.  Three vegetable transplanters (model 1600,  Holland  Transplanter  Co.,  Holland,  MI,  USA )   were   mounted   within
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Fig. 1.  Photographs of: (a) workers loading plants into the synchronized planting arms and (b) a planting wheel with the splined, PTO-style, index shaft used for synchronization. 

a custom transplanting sled (SWEMEC Woodland, CA) that was designed for synchronization operation. The first key feature of this design was the use of precisely manufactured planting wheels (shown in Fig. 1b) designed to allow a simple mechanical linkage to connect adjacent planters.  A torque-limiting hub was mounted in the center of each planting wheel to allow both overload protection (in the event of a clod getting jammed in the planter) and keyed drive shaft.  Splined drive shafts (similar to those used for power takeoff (PTO) connections in small tractors) were manufactured to mount on the planting wheel drive shafts and allow the alignment of each planting wheel to be mechanically locked together so that all planting arms were precisely aligned.  Standard agricultural grade PTO connecting linkages were used to mechanically link the planters as shown in figure 2a.  Because they are telescoping linkages, this allowed a flexible means of connecting the splined shafts of each planting wheel allowing some independent vertical movement of each planter while maintaining the alignment of the planting arms.  The transplanter was fitted with five equally-spaced planting arms, designed to plant tomato plants at a 38 cm spacing along the row, with a ~zero plant velocity relative to the soil at a planting speed of 2.4 kmh-1 . 
The location of the planting wheel synchronization shaft prevented the use of the traditional ground-wheel power transfer method.  In the traditional design, these wheels also serve as the "packing wheels" used to compress the soil around the freshly planted crop plant.  In the new design, off-the-shelf forklift-style steel rims were used to perform the furrow-closing and soil packing function after plant release.  The size of the rims (30.5 cm diameter) was selected because they were the largest off-the-shelf steel rim that would fit below the synchronization shaft.  
The power required to rotate the three planting wheels was provided by a hydraulic gear motor (model Char-Lynn 101-1008-009, 0.37 Lrevolution-1, 5 kW power  at  1260 Lh-1  flow,  Eaton Corporation Inc.,  Cleveland, Oh,  USA) with
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Fig. 2.  Photographs showing: (a) the PTO-style synchronization shafts (black with yellow safety end covers) connecting the three planting wheels, (b) the ground-wheel speed sensor and feedback control system for maintaining the desired plant spacing.

hydraulic fluid power provided by a tractor.  A closed-loop feedback control system was used to adjust the rotation speed of the planting wheel so that a constant plant spacing was maintained irrespective of travel speed.  Angular velocity feedback for the planting wheel was provided by a 12-bit digital absolute encoder (ARS 20 Sick Stegmann, Inc., OH, USA) connected to the planter-wheel shaft via 1:1 gearing and monitored by a low cost (~$60) microcontroller (model Mega 1280,  Arduino,  Duemilanove,  Italy)  in  real-time.  An  unpowered  gauge
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Fig. 3.  Photographs of the 3-row, within-row automatic weed control system.  Figures 3a and 3b show the triangular weed hoes (in red) in the closed (weed killing) position and the scissor-style linkage (in yellow) with the two pneumatic air cylinders.  Figure 3c shows a side view of the three pairs of in-row weed hoes in operation in a commercial organic tomato field.

wheel with an optical shaft position encoder (model 63KS256, Grayhill, Inc., Il, USA )  was used  for sensing  travel speed  ( Fig. 1b ).  The microcontroller provided the closed-loop control of the planting wheel angular velocity by comparing the output of these two sensors and adjusting the hydraulic oil flow through an electronically controlled, proportional hydraulic control valve (model D1FXE01HCNCK00 Parker Hannifin Co. Elyria, Ohio) connected to the hydraulic motor. 
Design of a synchronized multi-row, intra-row weed hoeing system
An improved, three-row, automated intra-row mechanical weed hoeing system design was based upon the successful single row system of Pérez Ruiz (2012).  For each row, a pair of small, mechanical weed hoes was mounted on a scissor-like linkage as shown in Figs. 3a and 3b.  Two pneumatic cylinders (model Speedaire 5YCL0, Dayton Electric Mfg. Co. Niles, IL, USA) were mounted, one per arm, between the linkage and the support frame.  An electropneumatic airflow control valve (model P2LCX593EEHDDB48, Parker Hannifin Co., Cleveland Ohio, USA) was used to control the pneumatic power to the hoes, locking them either in the closed position (interior hoe tips touching) shown in Fig. 3a or the open position where the interior tips of the hoes are 6.4 cm apart.  To facilitate simultaneous multi-row operation a high capacity compressed air system (11.85 Ls-1 at 1.2 MPa, model Speedaire 4LGJ5, Dayton Electric Mfg. Co. Niles, IL, USA) was used to allow continuous field operation of the three pairs of pneumatic hoes at tractor speeds up to 4 kmh-1 .  In order to precisely synchronize the hoe opening and closing events, a separate airflow control valve was required in close proximity to each hoe pair in order to keep the air hose connections between the valves and their respective air cylinders as short as possible and all the same interior volume.  The unpowered gage wheel, shown in figure 2b, was also used as the odometry sensor for the three-row co-robotic weed hoe system.  The co-robot used a digital controller (cRIO-9004, National Instruments, Austin, TX, USA) to monitor the forward travel of the weed control sled and to automatically open and close the in-row weed hoes according to the hoe path pattern set by the operator.  
A number of alternative seating positions for the human supervisor of the co-robot were evaluated, Fig. 4.  Since the UC Davis precision cultivation sled has lateral position control available to the human supervisor that is independent of the tractor's position and since the precision between-row cultivation was being done simultaneously with the precision within-row cultivation, the forward-facing operator position, shown in figure 4b, was selected for the trial since it allowed the human supervisor to simultaneously view the lateral centering of the weed hoes about the tomato row as well as the hoe opening and closing pattern about the tomato plants along the row.  Figure 4b shows the sled operator monitoring the  in-row   weed  hoes  during  the trial.    The  human   supervisor  is  holding  a
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Fig. 4.  Photograph of the human supervisor monitoring the performance of the three-row co-robotic weed control systems during operation in a commercial organic tomato field in Northern California.

co-robotic interface that allows him/her to: 
1. Shift the position setpoint of the sled to the right or left, 
2. Shift the co-robot in-row hoe pattern forward or backward, and 
3. Expand or contract the co-robot's uncultivated "safety-zone" around each tomato plant. 
While, an emergency "hoe open" button is available to the human supervisor, in general, the opening and closing of the hoes is completely automated, and the operator's responsibility is primarily to make periodic adjustments to the hoe pattern, while the digital controller is responsible for the plant-to-plant hoe movements.  
An inward facing pair of stationary (relative to the sled) sweep hoes was used for precision inter-row cultivation in each row.  The exterior standards for the sweeps were placed about 46 cm apart with each sweep blade extending inward 16 cm at a distance of 2 cm below the soil surface.  This system allowed the tomato plants to pass inside the vertical standards of stationary sweep hoes unharmed at the time of cultivation.  The length of the sweep hoes was such that their tips, at the closest point, were about 14 cm apart.  The co-robotic pneumatic in-row hoes were placed slightly above (~5 mm) the stationary sweeps (but still 1.5 cm below the soil surface) to allow them to be opened without contacting the stationary sweep hoes.  In the open position, the uncultivated strip was ~6.24 cm wide.  This provided a very close between-row precision cultivation along the tomato safety-zone.  When the co-robot's hoes are closed, as shown in figure 3b, all plants are killed, either by the sweeps (not shown in Fig. 3b), or the in-row hoes.  
Field tests
Field tests were conducted in a commercial organic tomato field in Northern California to evaluate the performance of both the three-bed synchronized transplanter and the three-row automatic co-robot within-row weed control system.  A 0.25 hectare test plot was created within a 48.5 hectare organic tomato field.  All pre-planting soil tillage and seedbed preparation operations were completed as part of the normal farming operation in the field where the test plot was located.  The target plant spacing along the row was 38 cm and the planter travel speed was 2.4 kmh-1 .  A team of six experienced farm workers assisted with the synchronized transplanting operation.  The synchronized tranplanter was used to plant all rows of the 0.25 hectare trial.  To evaluate the performance of the synchronized transplanter, a large, 3.5 m by 3 m aluminum frame was utilized, with individual measuring tapes mounted to each of three longitudinal braces running the length of the frame.  In the field, the three longitudinal braces of the frame were placed adjacent to the three rows of tomato plants in a three-bed set.  The plant location of each of the tomato plants in a set (9 plants per length, 27 plants per frame placement) was then recorded by reading the location of each plant on the adjacent measuring tape.  Ten sets of 27 tomato plants in three-bed planting sets along the length of the trial were measured and the results analyzed to determine the accuracy at synchronizing the plant placement.
After planting, the test plot was randomly divided into two equally sized subplots.  One subplot was used as the control, where the grower's standard weed control practices were applied.  In the second subplot, the co-robotic within-row weed hoe system was operated before the hand weeding crew entered the field to remove weeds left after the first cultivation. Due to the commercial nature of the trial and the size of the tomato plants at the time of first cultivation, a slightly risk-adverse strategy was used by the human supervisor, where the safety zone length was adjusted between 10 and 15 cm in length (based upon the human supervisor's judgment of co-robot performance), corresponding to 26% to 40% of the total intra-row zone.  Preliminary tests indicated that a travel speed of 1.2 kmh-1 was a reasonably safe speed at which the human supervisor could perform the monitoring and adjustment tasks over a full 10-hour workday.  While the system could be successfully operated at higher travel speeds of 2.5 kmh-1 for 1-hour time periods, the visual density of the canopy as it passed between yellow support frames shown in Fig. 3a made it difficult for the human supervisor to visually locate the tomato plants' main stems at these higher travel speeds.  As a result, the travel speed was set to 1.2 kmh-1 for the operation of the precision within-row weed control system in the experimental trial.  After the co-robotic in-row weed control system was operated, the number of tomato plants accidentally killed by the in-row hoes was counted.  
After the automated in-row weed control operation, manual hoeing was conducted in the entire 0.25 hectare trial by an experienced farm worker.  The order in which the rows in the trial were hoed was selected at random, to avoid any bias due to fatigue.  The time required to hoe each row was recorded in order to assess the labor savings associated with operating the automated in-row weed control system.  At harvest, the tomato yield was determined by weighing the fruit collected in a load-cell equipped gondola for each of three 23 m sections of row in 
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Fig. 5.  Photograph showing the harvest of experimental plots.  Harvested fruit are dumped into a weight hopper shown behind the harvester.  At the end of each plot, the harvester stops to allow the harvest weight to be recorded.  Fruit quality grade samples are shown in the foreground.
each row of the trial, Fig. 5.  In addition, 23 kg inspection samples were collected in each harvested section and submitted to the Processing Tomato Advisory Board inspection process to determine if there was any impact of in-row weed control on the quality of the harvested fruit.

RESULTS AND DISCUSSION
The study results establish the commercial feasibility of planting vegetable plants in a grid-like planting pattern within each planting pass on a commercial scale.  The distribution of the plant alignment between the three synchronized planters is shown in the two histograms in Fig. 6.  Each histogram shows the relative offset, in the direction of travel, of the tomato plant in the outside row (far left or far right) as referenced to the location of the tomato plant in the center row of the three-row planting set.  The goal is to have most of the data concentrated at the center (0 error value) in each histogram.  The mean synchronization error was -5 mm between the between the plants planted by the left-side planter and the center planter.  On the right side, the mean synchronization error was also -5 mm.  Further the distributions are approximately symmetric about the origin.  Thus, on average, the tomato plants in the center of the three-row set tended to lead the plants on the outside.  We hypothesize that the fact that both the right and left planters lagged the center planter by -5 mm on average, was due to a torque load on the planter synchronization shafts.  In the future, a larger diameter shaft, that is more resistant to torsional deflection, should be investigated to see if this could reduce the mean synchronization error in plant placement.  For the Center-Left pair, 50% of the plants fell within the error interval (-0.29 cm, -0.64 cm) and 95% of the plants within the error interval (+0.05 cm, -0.98 cm).  For the Center-Right pair, 50% of the plants fell within the error interval (-0.30 cm, -0.63 cm) and 95% of the plants within the error interval (+0.03 cm, -0.95 cm).  
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Fig. 6. Histograms showing the distributions of row-to-row plant alignment within the grid-like planting pattern, comparing the plant locations on the right and left sides to the center.  Ideally all plants would be close to the 0 value (perfect synchronization) on the histogram scale.

The field test of the three-row, within-row co-robotic weed hoe system was successfully conducted in a commercial organic processing tomato field.  The systems approach we have proposed, that by synchronizing the planting pattern across each 3-bed set, a single human supervisor can successfully monitor a co-robotic automated within-row weed control across all three rows simultaneously, was validated in the on-farm trial.  The precision of crop plant synchronization achieved, allowed the supervisor to focus his/her attention on monitoring only the hoe pattern in the center bed.  In the key metric of minimizing collateral damage to tomato plants, the co-robotic in-row weed hoe system performed well and only 11 of the 2,196 tomato plants (or 0.5%) in the rows treated by the co-robotic, in-row weed control system were accidentally killed by the in-row weeding hoes of the three co-robots.  Further the number of tomato plants killed in the two outside rows was equal or less that the number killed in the center row that the operator monitored, demonstrating the practical feasibility of the synchronized planting/synchronized in-row weed control concept.  
The harvested tomato fruit yield in the subplots treated by the automatic in-row weed control system was not significantly different (p-value = 0.54) than the tomato fruit yield in the control subplots.  These results indicate that the 0.5% of tomato plants accidentally killed by the in-row weed knives did not adversely affect the mean yield of tomato fruit at harvest in the plot.  Further, there were no significant differences (α=0.05) observed in any of the fruit quality grade categories between the fruit harvested from the rows treated by the automatic, co-robotic, in-row weed control system as compared to the fruit from the control rows.  These results indicate that both yield and quality of the harvested fruit were not adversely affected by the use of the co-robotic in-row weed control system.
An economic analysis of the results indicates that the travel speed of the co-robotic in-row weed control system, the level of weed pressure in the field, and the proportion of hand hoeing labor eliminated by the automatic system are the dominant factors in the economic success of the design.  Additional research is needed to better understand the relationships between the size of the uncultivated safety zone left by the co-robot, the proportion of tomato plants accidentally killed by the co-robot and its impact on yield, and the amount of hand hoeing labor required in follow-up weed removal in order to preform a complete economic analysis of the proposed technology.
CONCLUSION
The results of this research demonstrate the practical feasibility of multi-row synchronized precision planting of vegetable transplants like tomato in a grid planting pattern on a commercial scale.  This result shows further progress towards a systems approach to automated weed control in vegetable crop production in California, where precision technology used at one step in the production cycle (at planting in this case) provides a technological benefit for automating individual plant care tasks (intra-row weeding in this case) at a later stage in the production cycle of vegetable crops.  The system was capable of achieving synchronous planting with a row-to-row mean error of 5 mm in the direction of travel in adjacent rows.  The precision grid planting pattern allowed a single person to simultaneously supervise three co-robotic modules performing automatic intra-row weed control tasks in three adjacent crop rows.  Tomato plant destruction was limited to 0.5% across all three rows in the 0.25 hectare trial when 60 to 74% of the intra-row zone was automatically weeded by the miniature hoes of the co-robotic system.  No significant (α=0.05) decrease in tomato yield was observed between row automatically weeded by the co-robot vs. control rows weeded completely by human laborers.  Further research is needed to increase the sustainable forward travel speed of the automatic intra-row weeding system, which was identified as one of the key factors for economic success of the design. 
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