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PROJECT DESCRIPTION 
 

 
The outcome of this project was to provide the Australian Summerfruit industry with 
affordable and reliable sensors to non-destructively measure fruit maturity, quality and 
yield so that there is growth in exports and profitability increases. The sensors must be 
better than existing metrics and the technology providers must be able to service their 
product and remain in business. Longer-term, the growers and packers will change 
management practices (when to pick, thinning, nutrition, tree training and pruning, storage 
time, market destination) as a result of objective data generated from the sensors. 
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PROJECT PARTNERS 
 

 
This project was a partnership between Agriculture Victoria, Summerfruit Australia Ltd, 
RMIT University, Green Atlas and Rubens Technologies Pty Ltd. Agriculture Victoria led the 
project, Summerfruit Australia Ltd provided the conduit to the stone fruit growers and 
exporters, RMIT University focused on the development of Bistatic LiDAR technology and 
supported two PhD students, Green Atlas is a commercial company that developed the 
mobile sensing platform (Cartographer) to spatially estimate fruit and tree parameters, and 
Rubens Technologies Pty Ltd is a commercial company that developed the handheld sensor 
to measure in situ fruit maturity and quality. 
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EXECUTIVE SUMMARY 
 

 
Australian Summerfruit (peach, nectarine, plum and apricot) growers and exporters must 
produce high yields of fruit that satisfy consumer preference attributes for size, taste, 
aroma, colour and texture. Export markets are very competitive, and Australia needs to be 
able to guarantee a quality product. However, fruit is a perishable product and Summerfruit 
are particularly vulnerable to deterioration in quality during storage, transport and handling. 
 
How fruit is grown and the environmental conditions during the growing season will 
substantially influence yield and fruit quality attributes. For example, management inputs 
such as thinning, irrigation and tree training can be used to manipulate fruit size, sweetness, 
colour and how quickly fruit matures (i.e., ripeness). Fruit maturity determines when to pick 
and ideally this can be measured by ethylene production by fruit. Picking at the correct fruit 
maturity is critical for storage, transport and handling so that the end product matches 
consumer preferences. Currently, most growers are largely informed by subjective 
observations of size, flesh firmness and taste to determine fruit maturity. 
 
Emerging ‘Smart’ sensor technologies that estimate fruit maturity, quality and yield are 
tools that can be used to make informed decisions on orchard management inputs, harvest 
timing, storage, shelf life and destination markets. However, further development and 
demonstration of proof-of-concept sensors are needed so that the industry can utilise these 
tools to tangibly improve grower and export chain performance. 
 
The objective of this project was to develop and test non-destructive sensor technologies 
capable of cost-effectively measuring real-time fruit maturity (ethylene production), quality 
(colour, soluble solids concentration, flesh firmness and internal disorders) and yield (fruit 
size and number) so that Summerfruit (peach, nectarine, apricot and plum) growers and 
packers have accurate data on when fruit is at its ideal maturity to pick, the crop yield and 
quality, and how to store and market the fruit.  
 
The project was a partnership between Agriculture Victoria, Green Atlas, Rubens 
Technologies Pty Ltd, RMIT University and the Summerfruit Australia Limited. 
 
 The following four sensor technologies were developed and tested during the project: 

• Handheld field colourimeter (Rubens Technologies Pty Ltd) to non-destructively 
measure skin colour. 
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• Handheld fluorescence-reflectance spectrometer (Rubens Technologies Pty Ltd) 
to non-destructively measure fruit maturity, flesh firmness and sweetness, and 
detect and predict fruit internal disorders. 

• Mobile platform (Green Atlas Cartographer) to spatially measure fruit number, 
size, skin colour and yield. 

• Bistatic LiDAR (RMIT University) to spatially measure carbon dioxide flux from 
orchard canopies. 

 
At the commencement of the project the team captured the current metrics that are used 
by industry to measure fruit maturity, sweetness, flesh firmness, size, skin colour, internal 
disorder and yield. This included reviewing mobile and proximal sensing technologies that 
have potential industry application. 
  
The majority of the research was conducted at the Tatura SmartFarm. Existing experiments 
at the SmartFarm were used for testing the accuracy and precision of Cartographer, the 
validation of the fluorescence-reflectance spectrometer and testing of the Bistatic LiDAR. 
Laboratories at the Tatura SmartFarm, Agriculture Victoria's AgriBio Centre and RMIT 
University's Bundoora Campus were used for calibrating the fluorescence-reflectance 
spectrometer and building and testing the Bistatic LiDAR. Commercial orchards in the 
Goulburn Valley and Swan Hill were used to validate and evaluate the Cartographer and the 
fluorescence-reflectance spectrometer.  
 
The skin colour attributes measured with the colourimeter, namely L*, a* and b*, were 
calibrated in a laboratory against a reference spectrophotometer using colour cards. Field 
validation of the colorimeter against the spectrophotometer was subsequently undertaken 
on seven cultivars of peach, nectarine, apricot and plum. Cross-validation models of 
colourimeter data versus data obtained with the reference spectrophotometer showed high 
precision and accuracy for the detection of L*, a* and b*. Predicted values of L*, a* and b* 
in the validation samples were very similar to the reference spectrophotometer’s values. 
Overall, the device proved reliable and fast for skin colour detection in stone fruit. The 
sensor is used extensively in research experiments to determine the effects of treatments 
and environment on colour development. 
 
A mobile platform, sensors and artificial intelligence software system used commercially by 
Green Atlas (i.e., Cartographer) for estimating the spatial distribution of apple crop load was 
tested in apricot, peach, nectarine and plum. Cartographer was assessed in its performance 
to estimate fruit number, colour and size in stone fruit. This study was a world first to 
investigate the application of Cartographer in stone fruit. Estimates of fruit number, size and 
colour from the sensors on the mobile platform were compared to manual fruit count, fruit 
diameter and fruit colour measurements of tagged fruit in different tree training systems 
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where fruit was either highly visible or obscured. Data was collected at different stages of 
fruit development. This project has confirmed the reliability of Cartographer in a diverse 
range of crops (peach, plum, nectarine and apricot), which in turn gives confidence to the 
service provider and growers in the use of these attributes for decision making. Future 
development of Cartographer for stone fruit should focus on reducing the need for orchard-
specific calibration, streamlining the application of the data to orchard operations and 
spatial management (like thinning, spraying and harvesting), and utilising Cartographer's 
measures of tree size to establish crop load relationships. 
 
Laboratory calibration and field validation of Rubens Technologies' fluorescence-reflectance 
spectrometer was undertaken on four cultivars for fruit ethylene emission, flesh firmness, 
soluble solids concentration and the detection and prediction of internal disorders. Partial 
least squares regression combined with cross-validation models of spectra were used for 
calibration. Results showed moderate to high accuracy for estimates of ethylene emission, 
flesh firmness and soluble solids concentration. Furthermore, internal disorders were 
detected with 81 – 86% accuracy and predicted at harvest to develop after cold storage with 
69 – 75% accuracy. Overall, the sensor was proven to be robust, reliable and fast for fruit 
maturity and quality measurements. During the project, Rubens Technologies Pty Ltd 
invested in taking the prototype sensor into a commercially available tool that incorporated 
calibrations developed during the project and feedback from end users. In addition, Rubens 
Technology is working with Agriculture Victoria to test the sensor technology to scan fruit 
during initial grading and packing. This could assist growers and packers to decide on the 
storage and transport life of the fruit. 
 
Field testing of the bistatic LiDAR by a PhD student were promising and demonstrated the 
bistatic LIDAR ability to detect in-field CO2 concentrations which can be linked to known 
photosynthesis behaviours. Critically, the bistatic LIDAR measured an increase in CO2 
absorption at sunrise (i.e., a decrease in above canopy concentration of CO2), a peak CO2 
absorption in the middle of the day and then a decrease in CO2 absorption with decrease in 
solar radiation. Across the growth season, the measurements indicated CO2 concentrations 
associated with fruit growth stage. Those differences were marginal but did show an 
increase in above canopy CO2 levels when the fruit was maturing (i.e., close to harvest) as 
opposed to the lower CO2 levels earlier in the season when the fruit is actively growing, and 
the canopy is absorbing more CO2. The next steps in this research need enhance its 
application to management of stone fruit orchards. Mounting the bistatic LiDAR on a UAV 
platform would provide spatial data to identify elevated CO2 "hot spots" where crops are 
stressed from pests or diseases. Integrating additional sensors like hyperspectral imaging 
combined with machine learning would further increase the ability to specifically attribute 
the cause of the stress. In addition, developing the technology to measure ethylene 
production by testing different lasers is needed. 
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The Summerfruit industry (fruit growers, packers, marketing agents, exporters, importers) 
and service providers (e.g., consultants, chemical resellers) have and will continue to benefit 
from this project. They now have tools that can non-destructively and reliably measure pre- 
and post-harvest fruit maturity, quality and yield in real time. Furthermore, as a result of 
this project, scientists can rapidly measure crop responses and traits that were previously 
expensive and undertaken on subsamples.  Consumers also benefit because fruit quality is 
enhanced to match their preferences. The development of the technology will flow on to 
other ag tech companies (e.g., robotic harvesters, fruit graders, controlled atmosphere 
storage) to integrate these sensor innovations into automated systems. 
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INDUSTRY IMPACT METRICS 
 

 
This project successfully identified real-time sensors to assure the quality of Australian 
Summerfruit (peaches, nectarines, apricots, plums) on arrival in domestic and export 
markets. Growers and packers now have objective data on when to pick and the need for 
changes to orchard and value chain management such as thinning, pruning and storage. 
Similarly, industry service providers now have the tools to provide timely advice to grower 
clients, and scientist can undertake research much more efficiently to advance knowledge 
for the industry. The partners in this project have strengthened their relationships with 
industry and the sensor technology companies have expanded and added value to their 
products. Advances in the technology and integration into automated and robotic systems 
are highly likely as the results have been widely published in the scientific literature. 
 

  

Product value 

These technologies will help achieve 2 – 3 times 

the domestic price per box on a shipment. 

Increase exports 

Summerfruit exports to increase by $70 – 80m 

within 5 to 10 years. 

Consistent quality 

Packout yield to increase by 10 – 20 per cent by 

improving orchard uniformity. 

Reduced waste 

Fruit is picked at the ideal maturity to match 

consumer preferences. 



"The research being undertaken
was in some cases ‘blue sky’ but in

other areas developing and
‘ground-truthing’ new equipment.

 
This is now available to growers

through the availability of the new
technology that has been
supported through strong

scientific vigour."
Trevor Ranford, 
CEO, Summerfruit Australia Limited
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IMPACT STATEMENTS 
 

 

INDUSTRY PARTNER 
 
Trevor Ranford, CEO, Summerfruit Australia Limited 
 
One of the key objectives for the Australian Summerfruit industry is to produce high-quality 
stonefruit for both the domestic and international markets.  
 
Summerfruit Australia Ltd found this project most valuable in that industry was working 
with, and supporting, multiple project partners in the research and technology fields.   
We appreciated that the project was focused on the outcomes essential in ensuring 
summerfruit growers had the best technology to further improve orchard management and 
the production of high-quality fruit for both the domestic and international market.  
 
The research is now available to growers through the availability of the new technology that 
has been supported through strong scientific vigour. The challenge ahead is presenting this 
to the broadest group of growers to ensure rapid adoption. 
 
Summerfruit Australia Ltd is appreciative of the work and collaboration between the project 
partners led by Food Agility CRC, Agriculture Victoria, RMIT and the commercial partners 
Green Atlas and Rubens Technologies. 
 

TECHNOLOGY PARTNERS 
 
Steve Scheding and James Underwood, Co-Founders, Green Atlas 
 
Green Atlas has greatly valued its participation in Food Agility CRC’s 'Sensors for 
Summerfruit' project. Critically, the project has provided independent validation of Green 
Atlas' technology and has shown how that technology can be applied in various 
Summerfruit crops in both a research and fully commercial setting. We believe that this is a 
win for growers, because they can now be confident that key crop parameters, such as fruit 
number, colour and size can be measured reliably, and at scale, using Green Atlas 
technology. This has not been possible in Summerfruit before now. 
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Green Atlas has been able to use the lessons learned during this project to continue to grow 
worldwide in multiple different crops, confident in the quality of the validation and 
validation protocols that have been used over the course of the project work.  
 
The collaboration with Agriculture Victoria in particular, has been extremely valuable, and 
successful, and Green Atlas would not hesitate to work with them again in other crops, or to 
further develop and validate services and capabilities in the Summerfruit industry. There is 
still a lot of scope to further develop our offerings in Summerfruit; one key example is the 
use of Green Atlas Cartographer data to inform Precision Crop Load Management decisions 
(i.e., to assist growers to thin the crop to manage variability within their orchards, and to 
improve fruit quality outcomes). 
 
One key recommendation for future work is the development of a comprehensive business 
case for Summerfruit, so that growers have assurances that there will typically be a good 
return on investment for using the types of technologies investigated as part of this project. 
 
 
Daniel Pelliccia, Founder, Rubens Technologies Pty Ltd 
 
The Sensors for Summerfruit project has been valuable to Rubens Technologies, providing 
technical and market validation to our product offering for stone fruit producers. On the 
technical side, the project enabled the collection of a large amount of data both at the 
Tatura SmartFarm and with commercial growers, to test and refine our prediction models 
for fruit commercial quality attributes. On the market side, the project enabled us to 
showcase the technology to growers in an institutional setting, receive their feedback and 
provide low-risk test opportunities for the growers. 
 
We would be very interested in partnering with Food Agility CRC and Agriculture Victoria in 
future projects. This project inspired further developments of our technology, especially on 
the possibility of installing our fruit quality scanning on platform harvesters and graders. 
These developments have received positive feedback from growers and would be the ideal 
topic for future projects. 
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RESEARCH PARTNERS 
 
Ian Goodwin, Mark O’Connell, Alessio Scalisi, Christine Frisina, Tim Plozza, Muhammad 
Islam Agriculture Victoria 
 
The biggest impact of this project on Agriculture Victoria Research has been the 
advancement in technology to improve the efficiency of collecting field data and the 
accuracy and precision of the data. Whether that is in designed experiments or observing 
tree response to its environmental, the ability to rapidly collect timely representative data 
has been a revelation. We estimate a 10-fold increase in research efficiency. Such benefits 
are equivalent for stone fruit growers where data collection to improve productivity (costs 
and returns) is a necessity nowadays. 
 
Detecting and predicting internal disorders is potentially a game changer for the industry. 
Using this technology on fruit graders to determine cool storage duration and the risk of 
fruit disorders developing, the treatment of fruit prior to storage (e.g., stepwise cooling) and 
the detection (and grading) of fruit with disorders is of particular interest to the 
Summerfruit industry. One application of Cartographer data and the fluorescence-
reflectance spectrometer is to forecast fruit quality distribution and volume. The data from 
these technologies can feed into the supply chain so that growers, packers and exporters 
have objective data for decision making in the orchard, the packing shed and market 
destination.The partnerships with industry and technology providers were terrific and set 
the base for long-term relationships and project opportunities to further develop 
technologies. The substantive outcomes from the project are a testament to the enthusiasm 
and commitment of the project team. 
 
Pier Marzocca, Arnan Mitchell, Roberto Sabatini, Alex Gardi, Thomas Fahey, Maidul Islam 
RMIT University 
 
The Food Agility CRC ‘Sensors for Summerfruit’ project has enormously assisted the 
development of RMIT’s Bistatic LIDAR sensor. The project has provided critical access to 
growers and feedback that has driven improved sensor capabilities. Importantly the 
collaboration with Agriculture Victoria has allowed the collection of vital growth season data 
from the Tatura SmartFarm. These measurements have demonstrated the effectivity of the 
Bistatic LIDAR sensor to capture localised CO2 concentrations that can be correlated to key 
indicators of fruit maturity. Remote sensors such as the Bistatic LIDAR have an enormous 
potential to improve outcomes for growers through more comprehensive crop monitoring 
and RMIT looks forward to further collaborations with Food Agility and Agriculture Victoria 
as research and development continues with a focus on commercial solutions. 
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END-USER PROFILE 
 

 
Nic Finger, Fruitgrowing Consultant and Founder, Fruit Help 
 
Nic founded the Victorian based consulting company Fruit Help in 2020. Nic efficiently 
combines his orchard experience from a family business with new skills acquired in his 
academic degrees and experiences locally and abroad in Hawke’s Bay, New Zealand. Nic is 
an innovator, and he is always keen to test and understand new technology and apply 
research to advance fruit production systems. His company focuses on temperature tree 
fruits including apples, pears, cherries and stone fruit. 
 
Nic uses the Green Atlas Cartographer as part of his consulting services to provide growers 
with orchard maps of flower number, fruit number, fruit size, fruit colour and tree geometry 
as well as assist with their task prioritisation and assess research trial results.  
 

He provides client advice on orchard 
establishment, crop load management, 
pruning, fruit quality and the overall 
utilisation of data in orchards to support 
decision making and its associated risks to 
improve farm profitability. For example, 
Nic can quickly assess fruit number in a 
block and tell a grower where they need 
to have follow up thinning or summer 
pruning as well as the likely number of 
bins and their fruit size profile. 

 
Nic believes, “Fruit quality and consistency are key drivers of orchard profitability; 
identifying and addressing variability are going to help focus resources where they're 
needed most, leading to improved profitability”. 
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OBJECTIVES 
 

 
The objective of this project was to develop and test non-destructive sensor technologies 
capable of cost-effectively measuring real-time fruit number, ripeness, firmness, size, skin 
colour, sweetness and flesh disorders so that Summerfruit (peach, nectarine, apricot and 
plum) growers and packers have accurate data on when fruit is at its ideal maturity to pick, 
the crop yield and quality, and how to store and market the fruit. 
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METHODOLOGY 
 

 
At the commencement of the project the team captured the current methods and 
technologies that are used by industry to measure fruit maturity, sweetness, flesh firmness, 
size, skin colour, internal disorder and yield. This included reviewing mobile and proximal 
sensing technologies that have potential industry application. 
  

The following four sensor technologies were subsequently tested during the project: 

• Handheld field colourimeter (Rubens Technologies Pty Ltd) to non-destructively 
measure skin colour 

• Handheld fluorescence-reflectance spectrometer (Rubens Technologies Pty Ltd) to 
non-destructively measure fruit maturity, flesh firmness and sweetness, and detect 
and predict fruit internal disorders 

• Mobile Cartographer (Green Atlas) to spatially measure fruit number, size, skin 
colour and yield 

• Bistatic LiDAR (RMIT University) to spatially measure carbon dioxide flux from 
orchard canopies           

 

INDUSTRY METRICS 
 
A survey conducted via phone interviews of Summerfruit growers (n =12) in key fruit 
growing regions (e.g., Riverland, Sunraysia, Goulburn Valley, Murray Valley) was undertaken 
during July 2020 to determine industry metrics for measuring fruit maturity, sweetness, 
flesh firmness, size, skin colour, internal disorder and yield. Growers were provided with a 
list of questions and results were presented in pie charts (%) (see Appendices A, B, C, D for 
list of questions and detailed results). In addition, literature reviews of technology for 
proximal and mobile sensing of fruit size, fruit colour and tree stress in orchards was 
undertaken early in the project (see Appendix E; Fahey et al., 2021). 
 

COLOURIMETER 
 
A portable Bluetooth colourimeter prototype (Rubens Technologies Pty Ltd, Figure 1) was 
calibrated and validated for the measurement of L*, a* and b*, C* and h° (see Alessio et al, 
2021; Appendix F). 
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Instrument description 

The colourimeter featured separate red, green and blue (RGB) light intensity sensors as well 
as a total luminance sensor, all equipped with an IR light blocking filter. The light source was 
a white LED controlled via integrated logic. The colourimeter was connected to a 
smartphone via Bluetooth and logged data on the smartphone memory through a data 
logger app (“IDT data logger" available in the iOS App Store) available for iOS devices. RGB 
data were converted into CIELAB (i.e., L*, a* and b*) and CIELCH (i.e., L*, C* and h°) using a 
Python code. The app allowed the collection of as many measurements per fruit as desired 
and safely stored data in the smartphone’s internal memory prior to data sharing. Data was 
then exported in a comma-separated file format (i.e., csv). 

 
Figure 1. The portable Bluetooth colourimeter being used for an in-situ measurement of L*, 
a* and b* and the calculation of chroma (C*) and hue angle (h°) of a ‘September Sun’ peach. 
 

Calibration of colour attributes 

The colourimeter was calibrated on 115 colour cards (calibration set) against a reference 
spectrophotometer (CM-2600d, Konica Minolta, Tokyo, Japan). One measurement per card 
was collected with each device. The calibration of the colourimeter’s L*, a* and b* against 
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the reference spectrophotometer was carried out to transform the RGB values into CieLAB 
colour space and to correct the non-linearity of the colourimeter. 

Validation of colour predictions 

The accuracy and precision of the colourimeter was assessed using a validation dataset 
composed of 160 scans on different reference surfaces, as detailed below: 

• A calibration greyscale set (QPcard 102) with four greyscale colours: dark grey (L* = 
25, a* = 0 and b* = 0), medium grey (L* = 48, a* = 0 and b* = 0), light grey (L* = 80, a* = 0 
and b* = 0) and white (L* = 95, a* = 0 and b* = 0). Five measurements were taken on each 
greyscale colour (n = 20). 

• 20 ‘Angeleno’ plums (Prunus salicina L.). 

• 20 ‘Golden May’ apricots (P. armeniaca L.). 

• 20 ‘Snow Flame’ white peaches (P. persica L. Batsch). 

• 20 ‘September Sun’ yellow peaches (P. persica L. Batsch). 

• 20 ‘Rose Bright’ yellow nectarines (P. persica L. Batsch). 

• 20 ‘Autumn Bright’ yellow nectarines (P. persica L. Batsch). 

• 20 ‘Majestic Pearl’ white nectarines (P. persica L. Batsch). 

Fruit of the above validation cultivars had good colour variability. Measurements were 
taken in a single spot that was marked with a circular area using a permanent marker. The 
same area was then scanned with the reference CM-2600d spectrophotometer. 

Data analysis 

Exploratory data analysis was conducted to identify patterns and any outliers in the 
calibration datasets. The calibration models of colourimeter’s L*, a* and b* against the 
reference CM-2600d spectrophotometer’s L*, a* and b* were obtained with regression 
analysis. The calibration models were applied to the colourimeter output and the prediction 
of L*, a* and b* in the validation dataset was compared to the observed L*, a*, b* obtained 
with the reference CM-2600d spectrophotometer. Lin’s concordance correlation coefficient 
(rc) was used to determine the degree of agreement (in terms of both precision and 
accuracy) between colourimeter’s L*, a* and b* and the CM-2600d spectrophotometer’s L*, 
a* and b* after validation. The root mean square error (RMSE) was used to report the 
uncertainty in estimates from the colourimeter. 
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CARTOGRAPHER 
 
The mobile platform fruit detector Cartographer (Green Atlas Pty Ltd, Sydney, NSW, 
Australia) (Fig. 2) was tested for its accuracy, precision and utility in spatially estimating fruit 
number, size, colour and yield in the stone fruit and Sundial orchards at the Tatura 
SmartFarm and in commercial orchards at different times during fruit development (see 
Muhammad et al., 2022; Appendix G, H). 
 

Instrument description 

Cartographer is a mobile platform equipped with RGB-D cameras that log images at a rate of 
5 images/s. The images are simultaneously georeferenced using an on-board global 
positioning system (GPS). GPS locations are adjusted using a real-time kinematic global 
navigation satellite system [RTK GNSS (Reach RS+; EMLID, Budapest, Hungary)] receiver 
interfaced with the GPS unit mounted on the mobile platform. Convolutional neural 
network (CNN) models are used for fruit detection. A smartphone interface is used to 
control the logging of data and metadata related to the corresponding scans. Mobile scans 
are carried out driving the mobile platform at a constant speed of approximately 8 – 10 
km/h. Logging is switched on a few meters prior to the start of the measurement section 
and off a few meters past the end of the measurement section. In addition, short mobile 
scans are carried out for calibration of fruit number where all fruit are manually counted to 
obtain ground truth fruit number for subsequent calibration of fruit detections generated by 
the mobile platform. Each zone is scanned from both tree sides. Protocols for the operation 
of Cartographer are detailed in Appendix I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The Green Atlas Cartographer in a nectarine orchard at the Tatura SmartFarm 
taking rapid images to spatially estimate fruit number, size, colour and yield. 
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Testing Cartographer's accuracy, precision and utility 

Field testing of sensors on the mobile platform Green Atlas Cartographer was carried out in 
2020–21 and 2021–22 in commercial plum, nectarine and peach orchards (VarapodioS T & 
R, Ardmona) and on apricot, plum, nectarine and peach cultivars in the Stonefruit Orchard 
at the Tatura SmartFarm. The reliability of the platform sensors to predict fruit number, fruit 
diameter and fruit colour was assessed against ground truth methodologies — i.e., manual 
counting of fruit per tree, a digital calliper for fruit diameter and a tristimulus colourimeter 
for fruit colour. Predicted yield in a commercial peach orchard was assessed during season 
2021–22. Yield per tree was estimated from the product of calibrated fruit number per tree 
and average fruit weight per tree. Total block yield was determined from the sum of yield 
per tree. Fruit weight was calculated from the crop specific relationship with fruit diameter 
(Fig. 3) — such relationships can easily be established from data collected on fruit graders.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Relationship of fruit weight (FW) to fruit diameter (FD) established for the peach 
cultivars scanned with Cartographer. 
 
Average fruit detections per image were calibrated against average fruit number per tree in 
orchard calibration zones (7–12 m length). Calibration percent errors were calculated, and a 
linear slope coefficient was subsequently applied to convert from fruit detections per image 
to fruit number per tree. Prediction errors were then assessed on a validation sample. The 
same calibration-validation routine was applied to different training systems.  
 
Predictions of fruit diameter and fruit colour (CieLab/LCh colour parameters) were assessed 
against ground truth measurements and no further calibration was required. In addition to 
CIELab/LCh colour attributes, a colour index that accounted for the distance from pure 
green (0) to pure red (1) was developed. This parameter, called colour development index 
(CDI) is easier to interpret for users without prior knowledge of the CIELab/LCh colour 
space. The repeatability of CDI measures was tested at different times of the day to 
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determine the effects of light exposure on colour determination, including nocturnal 
measurements on nectarine and peach cultivars. CDI was also correlated with maturity 
indices. 
 
Two Victorian stone fruit growers were interviewed to evaluate the commercial uptake and 
value of Cartographer within the Summerfruit industry. 
 

Data analysis 

Datasets were analysed with linear model procedures, General Linear Model and nonlinear 
models using the statistical software Genstat (Genstat 21st ed.; VSN International Ltd., 
Hemel Hempstead, Hertfordshire, England) and Jamovi (v. 2.2.5, The Jamovi Project, 
Sydney, Australia). Graphs were generated using the scientific graphing and data analysis 
software SigmaPlot (SigmaPlot ver. 12.5; Systat Software, San Jose, CA, USA). The root mean 
square error (RMSE) and percent standard error were used as error metrics for the 
prediction models. The probability value (p), the coefficient of determination (R2) and Lin’s 
concordance correlation coefficient (rc) were used as measures of model robustness. 
Confidence intervals (95%) were utilised in graphs to visually show a 95% probability range 
for predictions. 
 

FLUORESCENCE-REFLECTANCE SPECTROMETER 
 
A handheld portable fruit maturity and quality spectrometer (Rubens Technologies Pty Ltd) 
(Fig. 4) was tested for its accuracy, precision and utility in estimating fruit physiological 
maturity (i.e., ethylene production rate), flesh firmness, sweetness (i.e., soluble solids 
concentration) and internal flesh disorders in the stone fruit and Sundial orchards at the 
Tatura SmartFarm, in commercial orchards at different times during fruit development, and 
in simulated post-harvest storage experiments (see Scalisi et al., 2020; Appendices J, K, L). 
 

Instrument description 

The sensor features a visible light spectrometer, with sensitivity in the wavelength range 
350 – 950 nm, and three independent LED light sources: near infrared (broadband emission 
in the range of approximately 650 – 1050 nm), white light (broadband emission in the range 
400 – 700 nm) and ultraviolet (UV) with near-monochromatic emission at 365 nm. The 
fluorescence of chlorophyll and other pigments in the fruit skin occurs upon excitation with 
UV light, while the two other illumination models provide diffuse reflectance information in 
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the visible – near infrared bands. The data is background-corrected and stored for further 
analysis. 

The spectrometer can be connected to a smart phone via Bluetooth and records data 
through a proprietary app (Fig. 4). Alternatively, it can be connected to a computer and 
readout via USB cable or via Bluetooth (Fig. 5). In both cases, the saved raw data is made of 
background-corrected spectra and wavelength information. 

The spectrometer features a measurement cup which prevents background light reaching 
the sensor during measurements thus enabling in-field use. The gap between the 
spectrometer sensor and the surface of the fruit was kept constant at a value of 10 mm. The 
measured spectra were normalised to the total emission prior to data analysis. 
 

 
Figure 4. The prototype (left) and commercial (centre) fluorescence-reflectance 
spectrometer (Rubens Technologies Pty Ltd) and smartphone APP software display showing 
spectra response (right) for the measurement of fruit quality in stone fruit. 



Deploying real-time sensors to meet Summerfruit export requirements | Final Report 

24 

 

 
Figure 5. Example nectarine fruit spectra responses from exposure to near infrared (IR, blue 
line), visible (White, brown line) and ultraviolet (UV, green) light sources from the prototype 
fluorescence-reflectance spectrometer (Rubens Technologies Pty Ltd) as displayed on the 
computer dashboard software. 
 

Laboratory calibration of maturity, flesh firmness and sweetness  

Laboratory calibration (season 1: 2020 – 21) of the fluorescence-reflectance spectrometer 
against fruit quality attribute was undertaken at the Tatura SmartFarm (36°26'7'' S and 
145°16'8'' E, 113 m a.s.l.) in the Goulburn Valley, Victoria, Australia. Fruit was sourced from 
the stone fruit experimental orchard and the Sundial orchard at the SmartFarm. Further 
details of experimental orchards can be found online.  
 

Four cultivars covering a range of commercial harvest dates (early-, mid- and late-season), 
fruit sweetness (low to high) and maturity (immature to ripe) were assessed: 

(i) White flesh peach (Prunus persica L. Batsch, ‘Snow Flame 25’) harvested mid-
December. 

(ii) White flesh nectarine (P. persica L. Batsch, ‘Majestic Pearl’) harvested mid-
January. 

(iii) Yellow flesh peach (P. persica L. Batsch, ‘O’Henry’) harvested early-February. 

http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-research-orchard-and-equipment/summary-of-field-experiments-and-demonstration-blocks
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-research-orchard-and-equipment/summary-of-field-experiments-and-demonstration-blocks
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(iv) Yellow flesh peach (P. persica L. Batsch, ‘September Sun’) harvested early-March. 
 

Laboratory calibration was undertaken on a minimum of 100 fruit per cultivar that were 
randomly handpicked at three physiological maturity classes defined by ethylene production 
that was estimated from index of absorbance difference (IAD) measurements with a DA 
meter (model 53500, T.R. Turoni, Forli, Italy). Fruit maturity classes were: 

(i) No ethylene – no ethylene production by the fruit. 
(ii) Onset – consistent production of very small concentrations of ethylene. 
(iii) Climacteric – high level of ethylene production. 

 
To derive calibration relationships, destructive and non-destructive measures on the same 
fruit were conducted to compare SSC, FF, IAD and ethylene emission (Table 1) with 
fluorescence-reflectance spectra. Firstly, fruit were individually and uniquely identified 
(numbered), non-destructively scanned using the fluorescence-reflectance spectrometer 
and the DA meter, and then placed into glass chambers to obtain an ethylene sample. 
Ethylene samples were extracted as described by Frisina et al. (2018), and subsequently fruit 
was removed from the chamber and destructive measures were conducted to obtain flesh 
SSC and FF. 
 
Table 1. Fruit quality attributes measured. 

Quality Attribute Equipment Units 
   

Index of absorbance difference (IAD) DA meter Unitless 
Ethylene production rate Gas chromatograph µL per kg fruit fresh weight per h 
Flesh firmness Penetrometer kg force 
Soluble solids concentration Refractometer °Brix 

 
Ethylene production was determined using the static measurement method. The fresh 
weight of individual fruit was measured. Subsequently, fruit were placed into gas tight glass 
chambers of known volume (350 and 500 mL) and left at ambient temperature for up to 3 h. 
Samples were collected according to Frisina et al. (2018) and held at room temperature until 
analysis. Samples were injected into a gas chromatograph (Varian 3800, Agilent 
Technologies, USA) fitted with a flame ionisation detector and GSQ Agilent – 115-3432 GS-Q 
capillary column (30 m x 0.530 mm 0.0 µ, −60 to 250 °C; Agilent technologies, USA) and set 
at an oven temperature of 30 °C, a detector temperature of 260 °C and a flow rate of 30 mL 
per min N2. Results were compared to a known standard gas mix with a concentration of 
2.11 µL ethylene per L N2 (Coregas Ltd, Yennora NSW, Australia). No ethylene data were 
collected due to large fruit diameter of ‘September Sun’ peach fruit exceeding the glass 
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chamber capacity for static measurement. Ethylene concentration was then expressed using 
its natural logarithm. 
 
Fruit fluorescence-reflectance spectra and laboratory non-destructive IAD and destructive 
SSC and FF measurements were collected on a cheek of each individual fruit along the 
equatorial diameter, avoiding fruit sutures (Fig. 6). 
 

 
Figure 6. Position of handheld fluorescence-reflectance spectrometer and fruit quality 
measurements along the equatorial diameter. 
 
Fruit skin was peeled off from the area previously scanned with the non-destructive sensors 
(DA meter, handheld fluorescence-reflectance spectrometer). FF was measured on the 
exposed flesh using a penetrometer (FT327, FACCHINI srl, Alfonsine, Italy) equipped with an 
8 mm tip. Subsequently, a few drops of flesh juice were extracted, and SSC measured using 
a digital refractometer (PR-1; Atago Co. Ltd., Saitama, Japan) and expressed as °Brix. 
 

Field validation of maturity, flesh firmness and sweetness 

During season 2 (2021 – 22), field (i.e., in situ) fruit quality fluorescence-reflectance sensor 
measurements were collected two weeks and one week before harvest and at harvest. At 
each sampling interval, approximately 30 – 40 representative fruits were randomly selected, 
measured using the fluorescence-reflectance sensor, then picked, labelled and transported 
to the laboratory. Destructive measures of SSC and FF, and non-destructive measures of IAD 
and ethylene emission were compared to the fluorescence-reflectance sensor estimates of 
these quality attributes obtained in the field. 

Models for estimating maturity, flesh firmness and sweetness 

Measured spectra were analysed using a machine learning approach. Prediction models for 
ethylene emission, FF, SSC and IAD were carried out using partial least square (PLS) 
regression with spectral band optimisation. In the case of ethylene, we used the natural 
logarithm of fruit emission (uL/kg/h) to improve prediction power. All models were 
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optimised using a k-fold cross-validation procedure using k = 10 splits. The basic idea was to 
select the most informative wavelength bands out of the entire spectral response. The 
selection was done via a random optimisation procedure called simulated annealing (SA) 
(van Laarhoven and Aarts 1987). This algorithm begins with a randomly selected set of 
bands and, at each iteration, randomly changes a subset of these bands. A PLS regression 
model was developed at each iteration and the Akaike information criterion (AIC) (Akaike 
1974) was used as the cost function. The aim of the algorithm was to decrease the cost 
functions, hence, to improve the model. The coefficients of determination for the cross-
validation procedure (R2CV) and Lin’s concordance correlation coefficients (rc) (Lin 1989) 
were calculated to assess models’ robustness, with the latter being a reliable measure of the 
agreement between two variables. The rc is particularly useful when comparing two 
measures of the same variable, such as when x (observed values) and y (predicted values) 
are in the same unit. The best models had the highest agreement between x and y and 
generated a rc closer to 1 in a 0 – 1 range. The accuracy of models developed in season 1 
was evaluated against in situ fruit quality predictions in season 2 and the predictions’ rc (rcp) 
was used as evaluation metric. The root mean square error in cross-validation (RMSECV) was 
also calculated to provide a measure of error in the same unit of the measured variable in 
season 1. In addition, the errors of the models developed in season 1 used to predict in situ 
fruit quality parameters in season 2 were assessed using the predictions’ RMSE (RMSEp).  
 

The SA optimisation procedure is a variant of a greedy optimisation strategy whereby the 
algorithm seeks to decrease the cost function, but not monotonically. SA allows for the 
occasional increase of the cost function to reduce the likelihood of the process getting stuck 
in a local minimum of the parameter space. In order for the SA process to be effective, the 
increase of the cost function must be occasional; in other words, it must happen with a 
small probability, governed by a hyper-parameter, which we chose to be equal to 0.1% of 
the current value of the AIC at each iteration. 

The algorithm workflow was as follows: 

1. Individual spectral channels (i.e., NIR reflectance, vis-reflectance and UV 
fluorescence) were smoothed using Savitzky–Golay filter with 11-points window and 
polynomial order of 2. 

2. Spectra were “re-binned” into 72 wavelength bands obtained by adding 4 
contiguous wavelength bins. 

3. The resulting spectra, still within their individual channels, were then mean-centred 
and scaled to unit variance. 

4. After these pre-processing steps, the spectra were concatenated together (thus 
obtaining 216 data point per spectrum) and subsequently fed in the SA algorithm. 
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The algorithm starts with a random draw of 50 bands (out of the total 216). At each 
iteration, a subset of two bands were randomly swapped, a PLS model was 
developed and cross-validated on the collection of bands selected by the SA. The 
optimum PLS model at each step was obtained by minimising the AIC. The algorithm 
was run for 5000 iterations. 

The number of selected bands (50 in our case) was fixed for all models and initially chosen 
in accordance with the empirical optimal value of the latent variables selected by the cross-
validation process. The choice was done by running SA optimisations with increasing 
numbers of bands multiple times and evaluate the metrics. R2CV, rc, RMSECV, AIC and number 
of latent variables (LV) in the models were presented for the preferred PLS models. 
 
The algorithms were implemented in Python 3.7.6 using the PLS regression and LDA 
routines available in the Scikit-learn package (v. 0.22.2) (Pedregosa et al. 2011). Sample 
scripts of the algorithms are freely available as a Project Jupyter Notebook (Pelliccia 2021). 
 

Calibration for the prediction and detection of internal disorders 

Laboratory calibration of the fluorescence-reflectance spectrometer for the detection and 
prediction of internal disorders was undertaken by subjecting fruit to a range of storage 
treatments at Agriculture Victoria's AgriBio centre in Bundoora. ‘Majestic Pearl’ white flesh 
nectarines and ‘O’Henry’ yellow flesh peaches were harvested from the Agriculture Victoria 
Tatura SmartFarm (36°26'7'' S and 145°16'8'' E, 113 m a.s.l.) in the Goulburn Valley. 
‘Majestic Pearl’ was selected as it is a valuable cultivar for export, reaching its destination 
concomitant to the Chinese New Year, whereas ‘O’Henry’ was selected as an alternate 
cultivar which was known to be prone to cool storage-induced internal disorders. Due to the 
influence of fruit maturity on the development of internal disorders, two harvests were 
performed for each cultivar to increase the likelihood of fruit developing the three storage 
disorders under study (i.e., mealy, leathery, and internally brown fruit). The timing of 
‘O’Henry’ harvests was guided by the index of absorbance difference (IAD) maturity classes 
available from the Horticulture Industry Networks website and corresponding values 
determined in-house for ‘Majestic Pearl’ from correlations with ethylene production. Thus 
‘Majestic Pearl’ was harvested in mid-late January (‘immature’, IAD > 1, no ethylene 
production) and again 9 – 14 days later (‘onset climacteric’ ethylene production, IAD range 
0.5 – 0.9), and ‘O’Henry’ in early February (‘immature’, IAD > 1.2, no ethylene production) 
and again 7 – 9 days later (‘onset climacteric’ ethylene production, IAD range 0.7 – 1.2). For 
both cultivars, fruit with IAD of > 1.8 were excluded from the experiment. 
 

http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-research-orchard-and-equipment/summary-of-field-experiments-and-demonstration-blocks
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At each harvest, fruit were randomly distributed into trays of 20 fruit for cool storage 
treatments. All fruit were numbered, and each cheek labelled (a and b) away from the 
centre of the cheek. The centre of both cheeks of each fruit were scanned with the 
fluorescence spectrometer and IAD measured with a DA-meter (model 53500, TR Turoni, 
Forlì, Italy). 
 
Cool storage at 2 °C was used to simulate the common temperature used by the Australian 
Summerfruit industry for international sea freight. Fruit assigned to 0 weeks cool storage 
did not receive any cool storage treatment and were kept at ambient temperatures 
following harvest. For each harvest of ‘Majestic Pearl’, six of the 18 trays of 20 fruit (i.e., 120 
fruit) were assigned to one of three treatments; no cool storage or shelf-life time (assessed 
on harvest day) and 2- and 4-weeks cool storage for ‘immature’ fruit, or 2- and 5-weeks cool 
storage for ‘onset climacteric’ fruit. For each harvest of ‘O’Henry’, six of the 18 trays of 20 
fruit (120 fruit) were assigned to one of three treatments; no cool storage or shelf-life time 
(assessed on harvest day) and 2- and 4-weeks cool storage. Cool storage treatments were 
followed by 4 days shelf life (19 – 21°C) before assessment. 
 
At the completion of their designated cool storage time, each tray was removed from cool 
storage and the centre of each cheek of each fruit was re-scanned with the fluorescence 
spectrometer. The trays of fruit were then left at ambient temperature for their designated 
shelf-life time, at which point fruit were scanned again with the fluorescence spectrometer 
then destructively assessed for internal disorders. 
 
Destructive assessment of each fruit consisted of carefully slicing the two fruit cheeks. The 
two cheeks were used for visual and tactile assessment of mealiness, leathery texture and 
internal browning. The severity of disorder appearance was assessed on a scale from 1 to 5 
(1 = no symptoms; 2 = trace; 3 = slight; 4 = moderate; and 5 = severe symptoms) as 
previously described by Lopresti et al. (2015; 2016). 
 

Validation of fluorescence for the prediction and detection of internal disorders 

A benchtop fluorescence spectrometer was used to undertake independent validation of 
models developed from the relationships between spectra and physical assessment of 
internal disorders at harvest and after cold storage treatments for ‘O’Henry’ peach.  
 
Validation consisted of non-destructively scanning fruit at harvest and after cool storage 
treatments (cool storage treatments are described above) and recording the spectrometer's 
prediction of the fruit developing disorders or the detection of disorders. Fruit was then 
destructively assessed for the severity of disorders. The spectrometer's prediction of 
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disorders developing and its detection of internal disorders were compared to the physical 
assessments. 
 
The benchtop laboratory spectrometer used in this study measured fluorescence emission 
(wavelength range 450 – 950 nm) from excitation by LEDs (≈ 400 nm) inside a light-proof 
enclosure. Calibration models were developed for this instrument and used for this 
validation study. Despite the benchtop spectrometer not matching the specifications of the 
handheld fluorescence-reflectance spectrometer, it did provide a proof-of-concept 
validation study to be undertaken. 
 

Models for predicting and detecting internal disorder 

Models were developed from the fluorescence and reflectance spectra and corresponding 
fruit disorder assessment data using a machine learning approach to predict fruit status 
(‘normal’ or ‘disorder’). For the purpose of classifying fruit as either ‘normal’ or ‘disorder’, 
fruit with any disorder score of two or greater were designated as having a ‘disorder’. 
Separate models were developed for the real-time identification of the presence of an 
internal disorder in fruit from fluorescence scans, and for the prediction of the development 
of internal disorders from fluorescence scans on harvest day and on removal from cold 
storage. 

All classification models were optimised using a k-fold cross-validation procedure using k = 5 
splits. A Support Vector Classifier (SVC) implemented in Python was trained in cross-
validation and the result quantified via binary classification scores: 

Precision, defined as Pr = TP/(TP+FP); Recall defined as R = TP/(TP+FN); F1-score, defined as 
F = 2TP/(2TP+FP+FN); and Accuracy, defined as A = (TP+TN)/(P+N).  In the formulas above, N 
stands for Normal fruit (negative result) and P for Storage disorders (positive results). 
Furthermore, T = True, F = False, so that TP is the number of True Positive results (fruit with 
storage disorders that are correctly classified as positive), TN the number of True Negative 
results (fruits with storage disorders that are incorrectly classified as normal), and so on.   

The algorithm workflow was as follows: 

1. Raw data were smoothed using a Savitzki-Golay smoothing filter with 11-point 
window and 2nd order polynomial. 

2. Data was then balanced with a random under-sampler, in order to have the same 
number of samples in each class and thus avoiding bias in the classification metrics. 

3. Fluorescence and reflectance spectra were then concatenated, and the resulting 
concatenated spectra were then mean-centred and scaled to unit variance. 
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4. After these pre-processing steps the spectra were used to train the SVC, whose 
parameters were optimised in cross-validation. A number of classifiers were tested 
on the same dataset, including Ridge Classifier, Logistic Regression and Random 
Forest classifier. All of the algorithms produced very similar results. The SVC results 
are the ones reported here.  

The overall model’s accuracy was based on the likelihood to predict the correct disorder 
class and expressed in F1-scores (0 – 1 range, where 1 is perfect prediction and 0 is no 
correct predictions) for each maturity class and for the whole model. The F1-score was 
calculated as the harmonic mean of precision and recall. Precision represents the number of 
true positive results divided by the sum of true and false positive results. Recall represents 
the number of true positive results divided by the sum of true positive results and false 
negative results. The model’s error was calculated as 1 − F1. 
 
The algorithms were implemented in PythonTM 3.8.10 using the classification routines 
available in the Scikit-learn package (v. 1.1.2) (Pedregosa et al., 2011). 
 

Evaluation 

The utility of the handheld fluorescence-reflectance spectrometer was evaluated with key 
Summerfruit stakeholders (growers, nurseries) for application in the field (orchard) to 
measure stone fruit maturity, fruit firmness and fruit sweetness. Several major Victorian 
stone fruit growers and exporters were informally interviewed to determine whether the 
spectrometer would be a useful and practical tool for detecting and predicting internal 
disorders after harvest along grading lines whilst fruit is being sorted for packing. Growers 
and exporters consulted included Montague Fresh, Cutri Fruits, and Morpeth Farms, who 
together export a large proportion of Victoria’s stone fruit. 
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RESULTS 
 

 

INDUSTRY METRICS 
 
Overall, the interview results showed that Summerfruit growers and packers use several 
objective approaches to monitor fruit maturity, fruit quality and yield.  
 
According to the growers interviewed, flesh firmness represents the most important 
reference metric for fruit maturity and quality, closely followed by history, calendar and 
phenology (i.e., cultivar characteristics), soluble solids concentration and fruit diameter, 
respectively. Summerfruit growers considered fruit skin colour in modern cultivars a less 
important parameter to assess maturity and quality when compared to other indices. 
Overall, in most cases, fruit quality in the post-harvest chain is assessed by combinations of 
fruit diameter, flesh firmness and soluble solids concentration, depending on cultivar, 
growers and destination market. These three parameters were considered equally relevant 
indices of fruit quality, while fruit skin colour was considered less important.  
 
Flesh firmness is primarily measured destructively using a penetrometer and/or by field 
sampling fruit by tactile ‘squeeze test’ methods near harvest time. Soluble solids 
concentration is typically measured destructively by a subjective judgement of fruit taste or 
by a more objective determination using a refractometer. Combinations of subjective and 
objective metrics are adopted by a small part of growers and a similar proportion of 
interviewed stakeholders (i.e., 14%) revealed to not measure sweetness as they only use 
cultivars that produce high sugars (i.e., > 12 °Brix). The index of absorbance difference has 
recently become more common among Summerfruit growers and accounts for 
approximately 12% of the total maturity assessment process. Some Summerfruit growers 
and packers destructively assess fruit for internal browning or mealiness (14%) when they 
store them in their facilities for a longer time (i.e., > 2 weeks). No growers and/or packers 
reported the use of non-destructive technology for the real-time estimation and prediction 
of storage disorders. When asked about their willingness to utilise non-invasive sensors to 
assess storage disorders, all the interviewed stakeholders showed high interest in testing 
new technology. 
 
The survey showed that growers have mostly adopted visual assessments of fruit growth 
and development during the growing season or directly measured fruit growth using digital 
callipers or dendrometers. The typical sample size for fruit diameter measurements using 
callipers ranged between 10 and 100 fruit per orchard block.  
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Most growers assess yield performance at the end of each season using total yield (t/ha) 
and average fruit size (fruit count/box) data on an orchard block-by-block basis. Some 
growers have adopted objective measures of fruit number per tree early in the growing 
season (e.g., fruit count at thinning stage) or a combination of end of season review and 
fruit count at thinning. No stone fruit growers reported the use of robots or mobile 
platforms with integrated machine vision for yield assessment. Growers adjusted crop load 
for tree size (e.g., the production potential/capability) to produce fruit to a desired fruit size 
target. More than 40% of growers opted for a subjective assessment of tree size using visual 
methods and tree vigour (or health) as indicators of the productive potential of the orchard 
block. Objective tree size metrics included branch diameter, trunk dendrometry and trunk 
cross-sectional area, with the latter being used by almost a third of growers. Combinations 
of subjective and objective methods are used by 14% of the interviewed stakeholders. 
 
The grower survey revealed that there was a need for portable sensors for rapid non-
destructive determination of fruit skin colour, fruit number and fruit size for field (in situ, 
pre-harvest) and tree size (branch/lateral size, canopy volume, light interception). Overall, 
growers used a minimal sampling effort, with typical sample size < 10 observations per 
orchard block. 
 
The literature review of technology for proximal and mobile sensing of fruit size and colour 
revealed that machine vision sensors (e.g., RGB-D) are the most promising and reliable 
single technology for yield and fruit quality estimations in orchards (see Appendix E). 
Integration and data fusion with LiDAR multi/hyperspectral cameras and thermal sensors 
can improve the accuracy of predictions using AI, although it requires more processing 
power and relatively slower operations. Green Atlas utilises high-definition RGB cameras to 
detect fruit and measure their colour, and adjust fruit size estimations using LiDAR 
corrections. 
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COLOURIMETER 
 
Results from the calibration and validation of the colourimeter are summarised here (see 
detail in Alessio et al, 2021 and Appendix F). 

Calibration of colour attributes 

The uncalibrated colourimeter’s L*, a* and b* were related to the reference L*, a* and b* 
obtained with the spectrophotometer (Fig. 7). Fitted quadratic models had R2 > 0.9 (Table 2) 
and were used to calibrate the L*, a* and b* measurements obtained with the colourimeter 
from the uncalibrated readings (i.e., L*u, a*u and b*u). The calibration algorithms were 
loaded onto the colourimeter’s firmware so that the output data was pre-processed with 
the correction. 

 
Figure 7. Scatter plots of uncalibrated colourimeter’s L* (L*u, A), a* (a*u, B) and b* (b*u, C) 
against the reference spectrophotometer’s L*, a and b* done on 115 colour cards (extracted 
from Scalisi et al., 2021). 
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Table 2. Quadratic equations used to calibrate the uncalibrated colourimeter’s L* (L*u), a* 
(a*u) and b* (b*u) against reference spectrophotometer’s L*, a* and b*. Coefficient of 
determination (R2), significance level (p) and sample size are reported (extracted from Scalisi 
et al., 2021). 
 

Colour 
parameters 

Equation R2 p n 

L* L* = − (0.04 L*u2) + (3.91 L*u) + 1.58 0.947 < 0.001 115 

a* a* = − (1.87 a*u2) + (22.91 a*u) + 5.87 0.976 < 0.001 115 

b* b* = (2.69 b*u2) + (26.14 b*u) − 12.03 0.975 < 0.001 115 
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Validation of colour attributes 

Predicted values of L*, a* and b* in the validation samples were very similar to the 
reference spectrophotometer’s values (Fig. 8). A rc > 0.90 was observed when testing 
precision and accuracy of L*, a* and b* prediction (Table 3), meaning that the predicted 
data aligned satisfactorily with reference observations. A small deviation of the linearity of 
the relationship persisted in the lower portion of L* data (L* < 40) since the calibration was 
done with a sample that lacked L* values in the 20 – 40 range. However, the RMSE 
suggested that the prediction error remained relatively low even for L*. This confirmed the 
suitability of the portable Bluetooth colourimeter for rapid skin colour assessments in 
peaches, plums, nectarines and apricots.

 
 
 
Figure 8. Scatter plots of validation datasets of colourimeter’s L* (A), a* (B) and b* (C) 
(predicted) against reference spectrophotometer’s L*, a* and b* (observed), respectively 
(extracted from Scalisi et al., 2021). 
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Table 3. Lin’s concordance correlation coefficient (rc) with 95% confidence intervals (in 
brackets) and root mean square error (RMSE) reported for the validation models obtained 
with colourimeter’s L*, a* and b* (predicted variables) against spectrophotometer’s L*, a* 
and b* (observed variables) (extracted from Scalisi et al., 2021). 
 

Colour 
parameters 

n rc RMSE 

L* 160 0.930 (0.040) 5.158 

a* 160 0.924 (0.043) 5.747 

b* 160 0.946 (0.033) 4.373 
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CARTOGRAPHER 
Results from testing Cartographer's accuracy, precision and utility in the spatial estimation 
of fruit number, size, colour and yield are summarised here (see detail in Muhammad et al., 
2022 and Appendices G, H). 
 
Calibration and validation 
Orchard specific field calibration was needed to obtain estimates of absolute fruit number 
per tree using Green Atlas Cartographer (Fig. 9). However, the technology proved that it can 
be used to produce fast relative density maps in stone fruit orchards. Fruit number 
prediction accuracy and precision (rc) was ≥ 90% in all the crops and training systems under 
study. Overall, predictions of fruit number in two-dimensional (2D) training systems were 
slightly more accurate.  

 
Figure 9. Fruit number detected by Cartographer against ground truth fruit number in (A) 
'Golden May' apricot, (B) 'Angeleno' plum, (C) 'Glacier' peach and (D) 'Majestic Pearl' 
nectarine subjected to different training systems at the Tatura SmartFarm, Tatura, Victoria, 
Australia (extracted from Muhammad et al., 2022). 
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Estimates of fruit diameter and colour did not need an initial calibration. Fruit diameter 
predictions had percent standard errors < 10% and root mean square error < 5 mm under 
different training systems, row spacing, crops and fruit position within the canopy (Fig. 10). 
Hue angle and CDI were the colour parameters that were best predicted by the mobile 
platform. CDI was not strongly affected by time of measurement (i.e., light environment), 
although mid-morning and mid-afternoon scans were significantly affected (p < 0.05) by the 
presence of the background presence of the sun in images. Nocturnal measures of CDI 
would be ideal; Cartographer is equipped with strobe lights that allow nocturnal 
measurements. 
 
 
 
 
 
 
 
 
 
 
Figure 10. Scatterplots and linear fits of predicted fruit diameter (left) and fruit colour (right) 
using Cartographer in stationary position against ground truth fruit diameter and fruit 
colour using digital calipers and a tristimulus colourimeter, respectively (extracted from 
Muhammad et al., 2022). 
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Validations of Cartographer predictions in nectarine and peach commercial orchards 
confirmed a similar precision and accuracy as observed at the Tatura SmartFarm — (a) rc > 
0.9 and error < 5% for fruit size, (b) error < 8% for fruit number / tree, and (c) rc > 0.8 and 
error < 10% for hue angle and CDI. Commercial orchard scans and heatmaps were 
generated in a plum orchard as well (Fig. 11). 
 

 
Figure 11. Calibrated heatmap of ‘October Sun’ plum fruit number per tree (Appendix G).  
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Figure 12 shows a heat map of 'Glacier' peach yield per tree from Cartographer data 
collected in a commercial orchard. The map shows significant variation in yield across the 
orchard block with the total well below par. Most of the variation was associated with fruit 
number per tree, but this may have been deliberately set during thinning due to variation in 
tree size — testing the accuracy of tree size data (from Cartographer's LiDAR) as a measure 
of the photosynthetic capacity of the tree was not a component of this project. We suggest 
that one of the next research steps beyond this project is to analyse the combination of fruit 
number, fruit size and tree size data from Cartographer to determine crop load targets per 
tree to maximise marketable yield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Calibrated heatmap of ‘Glacier’ peach yield per tree from a commercial orchard in 
the Goulburn Valley, Victoria (Varapodio ST & R). Yield was calculated from calibrated 
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Cartographer estimates of fruit number and average fruit diameter. The inset figure shows 
the distribution of yield per tree within the orchard block. Total block yield is shown in the 
table.  
 

Evaluation 

The utility of fruit size, colour and yield sensing in stone fruit orchards is high, as our survey 
showed that there is no such mobile platform capable of providing accurate and precise big 
data and to produce orchard heatmaps that portray spatial variability. The technology has 
been adopted by apple, almond and kiwifruit growers around the world but there is no 
record of adoption in stone fruit orchards. The Green Atlas Cartographer is the only 
platform available in the market that has scientifically validated prediction errors below 10% 
for (I) fruit number, (II) fruit size and (III) fruit colour. The technology estimates tree canopy 
geometry features that aid crop load decision making in terms of assigning the correct 
number of fruit per unit of leaf area. However, the relationship between tree geometry 
parameters and fruit number or fruit size and colour was not an objective of this study. 
Studies in apples and pears have shown the orchard block-specific relationships can be 
derived from the integration of tree geometry and crop load features. 
 
The two Victorian growers interviewed to assess the commercial uptake of Cartographer 
were excited about the opportunity to obtain accurate spatial data of fruit number, colour 
and size. According to them, fruitlet-per-tree scans are important for thinning management 
decisions and yield predictions. Cartographer provided growers with the data to identify 
under-thinned trees within a block. They were happy to be informed about fruit size and 
yield in advance and believed that fruit colour intensity and percent coverage represent 
extremely valuable information. They expected a short payback period on this new 
technology.  
 

FLUORESCENCE-REFLECTANCE SPECTROMETER 
 
Results from testing the fluorescence-reflectance spectrometer's accuracy, precision and 
utility in estimating fruit physiological maturity (i.e., ethylene production rate), flesh 
firmness, sweetness (i.e., soluble solids concentration) and internal flesh disorders are 
summarised here (see details in Scalisi et al., 2020; Appendices J, K, L). 
 

Laboratory calibration to estimate maturity, flesh firmness and sweetness 

Figure 13 shows predicted plotted against observed fruit FF, SSC, ethylene and IAD for a 
peach cultivar used in this study (see appendix J for results of the other cultivars). 
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Calibration PLS statistics are reported in Table 4 for three of the cultivars. A visual 
assessment of the concordance between the two variables suggested that the PLS models 
provided a good estimation of the fruit quality attributes FF, SSC, ethylene and IAD, as model 
linear fits were relatively close to a y = x reference line. Using ethylene as an example, linear 
fits show that the PLS models in the three cultivars slightly overestimated ethylene when its 
values were low (i.e., immature fruit) and underestimated them when they were high (i.e., 
mature fruit). The model’s linear fit for peach ‘Snow Flame 25’ fruit was the closest to the y 
= x line and had the highest rc (0.93). 
 
 

 

 

 
Figure 13. Calibration scatter plots of predicted against observed fruit quality attributes 
[soluble solids concentration (SSC), flesh firmness (FF), ethylene production rate expressed 
as the natural logarithm (Log Ethylene)] and index of absorbance difference (IAD) in peach 
‘Snow Flame 25’. Blue lines represent cross-validation best linear fits using a partial least 
square regression (PLS) model. PLS statistics are reported in Table 4. 
 
The calculated R2CV, rc, RMSECV, provided valuable information to better assess prediction 
power and error of the PLS models. A summary of these parameters is presented in Table 4 
and highlights differences in models’ robustness between cultivars. AIC values cannot be 
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compared across cultivars and maturity indices, as they are only meant to be used to 
compare alternative models for the same dataset. 
 
Overall, the fluorescence-reflectance sensor provided robust predictions of fruit quality 
variables based on rc values — the best parameter to measure instrument’s reliability (i.e., 
accuracy and precision). The PLS models for Log Ethylene, FF, SSC and IAD predictions 
generated values of rc higher than 0.75. The lowest prediction robustness was observed in 
SSC, whereas the most reliable predictions were obtained for IAD and Log ethylene, 
respectively. FF and SSC prediction robustness declined in nectarine ‘Majestic Pearl’, 
although rc values were still above 0.75 (Table 4). 
 
Table 4. Calibration statistics of the partial least square regression models of the prediction 
of flesh firmness (FF), soluble solids concentration (SSC), ethylene production rate expressed 
as natural logarithm (LogETH) and index of absorbance difference (IAD) in peach and nectarine 
cultivars. Spectra used for the models were obtained in a laboratory with a handheld 
fluorescence-reflectance spectrometer. 
 

Crop and 
Cultivar 

Fruit 
Quality 
Attribute 

R2cv1 rc2 AIC3 RMSECV4 LV5 SA6 

Peach 
‘Snow Flame 
25’ 
 

FF 0.90 0.95 420 0.77 15 Vis, IR, UV 

SSC 0.64 0.81 797 1.27 13 IR, UV 

LogETH 0.87 0.93 317 0.45 10 UV, IR 

IAD 0.91 0.96 -413 0.17 15 UV 

Peach 
‘O’Henry’ 
 

FF 0.75 0.86 801 1.66 13 Vis, IR, UV 

SSC 0.65 0.81 2578 1.08 14 Vis, IR, UV 

LogETH 0.72 0.84 -413 0.33 14 IR, UV 

IAD 0.86 0.93 -48 0.18 12 UV 

Nectarine 
‘Majestic 
Pearl’ 

FF 0.61 0.78 150 0.97 10 Vis, IR, UV 

SSC 0.60 0.76 606 1.73 14 Vis, IR, UV 

LogETH 0.77 0.87 734 1.37 15 Vis, IR, UV 

IAD 0.92 0.96 -1405 0.15 12 Vis, IR, UV 
1Coefficient of determination of the cross-validation, 2Lin’s concordance correlation coefficient, 3Akaike 
information criterion, 4root mean square error of the cross-validation, 5number of latent variables, and 
6simulated annealing spectra utilised for the calibration model. 

  



Deploying real-time sensors to meet Summerfruit export requirements | Final Report 

45 

 

 

Field validation of maturity, flesh firmness and sweetness 

Figure 14 shows field validation responses of predicted plotted against observed fruit FF, 
SSC, ethylene and IAD for the nectarine cultivar ‘Majestic Pearl’ used in this study. Validation 
PLS statistics are reported for all four cultivars in Table 5. A visual assessment of the 
concordance between the two variables suggested that the PLS models provided a good 
estimation of the fruit quality attributes FF and IAD, as model linear fits were relatively close 
to a y = x reference line (R2P ≥ 0.61; Figure 14). For the fruit quality attributes, SSC and 
ethylene were less well predicted (0.12 ≤ R2P ≤ 0.40). Using ethylene as an example, linear 
fits show that the PLS models overestimated ethylene when its values were low (i.e., 
immature fruit) and underestimated them when they were high (i.e., mature fruit). 
 

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Validation scatter plots of predicted against observed fruit quality attributes 
[soluble solids concentration (SSC), flesh firmness (FF), ethylene production rate expressed 
as natural logarithm (Log Ethylene) and index of absorbance difference (IAD)] in nectarine 
‘Majestic Pearl’. Blue lines represent cross-validation best linear fits using a partial least 
square regression (PLS) model. PLS statistics are reported in Table 5. 
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Table 5. Validation statistics of the partial least square regression models of the prediction 
of flesh firmness (FF), soluble solids concentration (SSC), ethylene production rate expressed 
as natural logarithm (LogETH) and index of absorbance difference (IAD) in peach and nectarine 
cultivars. Spectra used for the models were obtained in the field (in situ) with a handheld 
fluorescence-reflectance spectrometer. 
 

Crop and 
Cultivar 

Fruit 
Quality 
Attribute 

R2p1 rcp2 RMSEp4 LV5 SA6 

Peach 
‘Snow Flame 
25’ 
 

FF 0.78 0.88 1.10 15 Vis, IR, UV 

SSC 0.32 0.47 1.40 13 IR, UV 

LogETH 0.55 0.75 0.60 10 UV, IR 

IAD 0.87 0.94 0.20 15 UV 

Peach 
‘O’Henry’ 
 

FF 0.67 0.79 0.90 13 Vis, IR, UV 

SSC 0.12 0.31 1.10 14 Vis, IR, UV 

LogETH 0.14 0.37 0.40 14 IR, UV 

IAD 0.91 0.95 0.16 12 UV 

Peach 
‘September 
Sun’ 

FF 0.42 0.64 1.00 13 Vis, IR, UV 
SSC 0.48 0.67 1.00 14 Vis, IR, UV 
IAD 0.80 0.88 0.25 11 UV 

Nectarine 
‘Majestic 
Pearl’ 

FF 0.78 0.86 1.20 10 Vis, IR, UV 

SSC 0.46 0.69 2.00 14 Vis, IR, UV 

LogETH 0.40 0.61 0.70 15 Vis, IR, UV 

IAD 0.80 0.90 0.28 12 Vis, IR, UV 
1Coefficient of determination of the prediction, 2Lin’s concordance correlation coefficient of the prediction, 
3root mean square error of the prediction, 4number of latent variables, 5simulated annealing spectra. 

 
Figure 15 shows the comparison of the fluorescence spectra responses (UV fluorescence) of 
the fluorescence-reflectance spectrometer, where the line is the median spectrum for 
calibration and validation studies (season 1 and 2, respectively), and the shaded area 
represents the 25 – 75% quantile. The spectra peaks at 400, 480 and 690 nm showed a high 
level of consistency between seasons for a given cultivar, especially peach ‘September Sun’. 
The variation observed in the 25 – 75% quantile (shaded area) of individual spectra 
(approximately 100 – 120 per season per cultivar) represents the seasonal differences in 
fruit samples for each cultivar. 
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Figure 15. UV fluorescence spectra responses of the handheld fluorescence-reflectance 
spectrometer (Rubens Technologies Pty Ltd) for calibration (season 1, 2020 – 21) and 
validation (season 2, 2021 – 22) of peach (‘O’Henry’, ‘September Sun’, ‘Snow Flame 25’) and 
nectarine (‘Majestic Pearl’) fruit at the Tatura SmartFarm. The lines are the median 
spectrum for each season, and the shaded areas represent the 25 – 75 % quantiles. 
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Calibration for predicting and detecting internal disorders  

Classification metrics for the models developed to predict the presence of storage disorders 
in ‘Majestic Pearl’ and ‘O’Henry’ fruit harvested and scanned with the handheld 
fluorescence-reflectance spectrometer shown in Table 6.  
 
Table 6. Classification results for the detection and prediction of storage disorders in fruit 
scanned with the handheld fluorescence-reflectance spectrometer. Detection was 
undertaken by scanning fruit and immediately destructively assessing for internal disorders. 
Predicting internal disorders was firstly undertaken by scanning fruit at harvest and then 
destructively assessing fruit after 2- or 4-weeks cool storage and 4 days ripening (at 19 – 21°C), 
and secondly by scanning fruit when it was removed from cool storage and then destructively 
assessing for internal disorders after 4 days ripening (at 19 – 21°C). 
 

Crop and 
Cultivar 

Statistic Detection 
accuracy 

Prediction accuracy 
At harvest After storage 

Assessed after 
2-week storage 

+ ripening 

Assessed after 
4-week storage 

+ ripening 

Assessed after 
ripening  

Nectarine 
‘Majestic 
Pearl’ 

Precision 0.86 0.81 0.73 0.73 

Recall 0.86 0.65 0.72 0.86 

F1 Score 0.86 0.72 0.73 0.79 

Accuracy 0.86 0.75 0.73 0.77 

Peach 
‘O’Henry’ 
 

Precision 0.74 0.69 * 0.72 

Recall 0.94 0.66 * 0.78 

F1 Score 0.83 0.68 * 0.75 

Accuracy 0.81 0.69 * 0.74 

* Accuracy could not be determined due to lack of unaffected fruit. 

 
The classification results based on scans on the day of destructive assessment show that the 
level of spectral detail obtained with the spectrometer was sufficient for the detection 
models to discriminate between fruit with a storage disorder and unaffected fruit, with a 
relatively low number of false positives (1 − precision) and false negatives (1 − recall). 
Detection accuracy was slightly better for ‘Majestic Pearl’. For scans taken upon removal of 
the fruit from cold storage, the predictive accuracy for ‘Majestic Pearl’ was slightly better 
than for ‘O’Henry’. The accuracy of these predictions was lower than for scans taken on the 
day of destructive assessment, which was expected since it was no longer the detection of 
disorders, but instead a prediction of the development of disorders as the fruit underwent 
its shelf-life period. For scans taken at harvest, there was a slight decline in the ability to 
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predict disorders compared to those made on removal from cold storage for ‘Majestic 
Pearl’, and lower predictive ability for ‘O’Henry’. 
 

Validation of fluorescence for the prediction and detection of internal disorders 

Classification results using the benchtop fluorescence spectrometer for the detection and 
prediction of storage disorders in ‘O’Henry’ peaches are shown in Table 7. For the detection 
of storage disorders from scans on the day of destructive assessment, classification metrics 
were similar to those from calibration of the instrument (see Appendix K). For the prediction 
of the development of disorders from scans at harvest and on removal from cold storage, 
there was some variation in the metrics, but overall, there was approximately a 10% 
decrease in the accuracy of prediction compared to predictions made during calibration.  
 
Table 7. Classification results for ‘O’Henry’ peaches scanned with the benchtop fluorescence 
spectrometer. Detection was undertaken by scanning fruit and immediately destructively 
assessing for internal disorders. Predicting internal disorders was firstly undertaken by 
scanning fruit at harvest and then destructively assessing fruit after 2-weeks cool storage 
and 4 days ripening (at 19 – 21°C), and secondly by scanning fruit when it was removed from 
cool storage and then destructively assessing for internal disorders after 4 days ripening (at 
19 – 21°C). Detection and prediction of storage disorders were based on models developed 
from an independent data set using the same cultivar but in a different season. 
 

Statistic Detection accuracy Prediction accuracy 

At harvest After storage 

Precision 0.84 0.51 0.55 

Recall 0.80 0.80 0.87 

F1 Score 0.82 0.65 0.67 

Accuracy 0.83 0.52 0.58 

 

Evaluation 

User feedback and testimonials: 

1. Andrew Routley (Little Tree Company). "Would buy once demonstrated its 
functionality and utility. Now that I have a large orchard, it would enable me to keep 
track of what is happening in the field without physically going to check." 
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2. Tony Filippi (ANFIC). "It has great potential to reduce the workload when it comes to 
maturity testing. Fast quality testing for our new varieties under development is also 
a good advantage." 

3. Sarah Parris (ACN Orchards). "We would like to use it from next season. Maturity and 
quality testing is extremely time consuming for us and we are very interested in a 
rapid technology assessment." 

 
Grower feedback from road testing the fluorescence-reflectance spectrometer was adopted 
by Rubens Technologies Pty Ltd to improve the sensor usability, design, data flow and 
display features of the smartphone (android, iOS) APP and PC dashboard. Feedback included 
hardware and software refinements. The major upgrade was in the sensor hardware 
(prototype v. commercial handheld fluorescence-reflectance spectrometer, see Fig. 4) — 
the measurements in the study (for the large part) were collected using the 3D-printed 
prototype. A significant improvement of the commercial unit (besides being more robust 
overall) was the ability to perform a more accurate reference disk calibration when the 
spectrometer is sitting in the docking station (to recharge batteries). This is reflected in a 
much better data quality, especially when combining data collected with multiple devices. 
 
Most of the stone fruit growers and exporters interviewed were of the view that FRS 
technology is a positive advancement on current grading technologies particularly if it could 
accurately discriminate between fruit with high and low storage potential during the grading 
process, as these exporters are aware that long sea freight durations can have a detrimental 
impact on subsequent fruit quality in export markets. They suggested that it would be useful 
to sort fruit into two or three ‘storage potential classes’, that is fruit either for immediate 
domestic marketing, short-term cool storage, or suitable for sea freight export. However, 
fruit size and skin colour are the main quality criteria used to sort fruit for export markets, 
this additional grading step would add extra complexity to the grading and packing process 
which may deter some growers from utilising FRS to predict storage disorders, particularly if 
too large a proportion of graded fruit within a cultivar was estimated to be unsuitable for 
export. Therefore, widespread adoption of FRS technology to predict the development of 
storage disorders may ultimately depend on exporters being able to extend the storage 
potential of otherwise unsuitable fruit for export, using processes and technologies such as 
stepwise cooling (Lopresti et al., 2021) or modified atmosphere packaging. 
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HIGHER DEGREE BY RESEARCH 
STUDENTS 

 
 
Two PhD students (RMIT University) worked on this project and are currently continuing 
their studies to complete and submit their theses. One of the students, Thomas Fahey is 
studying the bistatic LiDAR as a technique to spatially measure above canopy CO2 flux in 
stone fruit orchards. The background behind his studies, the methodology and his results so 
far are detailed in Appendix P. His conclusions and recommendations and the next steps 
have been captured in the main body of this report.      
  
The second student, Maidul Islam, is working on remote sensing techniques to measure fruit 
maturity. His innovative study is using an in-situ vegetation index (calculated from a 
multispectral camera) to identify the "fraction of greenness" in fruit and relate that fraction 
to estimates of maturity. The background, methodology, results, discussion and 
recommendations are detailed in Appendix Q.   
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CONCLUSIONS AND 
RECOMMENDATIONS 

 
 
Overall, the project successfully tested the accuracy, precision and utility of sensor 
technologies to measure stone fruit maturity (ethylene production), quality (flesh firmness, 
soluble solids concentration, skin colour and internal disorders) and yield (fruit size and fruit 
number) through a process of calibration, validation and evaluation. 
 
Colourimeter: Cross-validation models of colourimeter data versus data obtained with the 
reference spectrophotometer showed high precision and accuracy for the detection of L*, 
a* and b*. The device proved reliable and fast for measuring skin colour in stone fruit 
compared to existing metrics and has the potential to be used to estimate fruit maturity.  
 
Cartographer: This mobile platform accurately and precisely estimated fruit size and colour 
in a diverse range of crops (peach, plum, nectarine and apricot), row spacings, positions in 
the canopy and training systems. Orchard-specific calibration is recommended for accurate 
estimates of fruit number due to foliage obscuration. Orchard maps of variation in crop load 
were seen by growers to be very useful for thinning management. To the best of our 
knowledge, the Australian Summerfruit industry does not utilise any alternative methods to 
reliably generate accurate and objective data in the orchards. 
 
Fluorescence-reflectance spectrometer: Results showed moderate to high accuracy and 
precision for estimates of ethylene emission, flesh firmness, soluble solids concentration 
and internal disorders (including the prediction of internal disorders developing in fruit). 
Unlike any existing sensors, the handheld fluorescence-reflectance sensor used in this study 
offers rapid, in situ, non-destructive, improved sample size, smartphone connectivity, and 
cloud-based workflow and data capture of multiple fruit quality attributes for Summerfruit 
growers and packhouses. Stakeholder engagement and feedback was extremely positive 
with users keen to purchase the commercial sensor or undertake more testing and 
evaluation this coming season. 
 
Bistatic LiDAR: The initial results are promising and seemingly demonstrate the bistatic 
LiDAR ability to detect in-field CO2 concentrations which can be linked to known 
photosynthesis behaviours. Critically, the bistatic LIDAR identified CO2 changes due to 
increased solar radiation at sunrise, a peak CO2 absorption, and a decrease in CO2 
absorption with decrease in solar radiation. These behaviours correspond to the known 
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photosynthetic responses. Across the growth season, the measurements somewhat 
indicated the expected growth cycles photosynthesis responses, in relation to local CO2 
concentrations. Those differences were marginal but did show lower CO2 levels in February 
and March compared to the CO2 levels in November, when vegetative growth is active. The 
differences between February and March did indicate a lower CO2 level in February when 
the fruits are actively growing and the trees absorbs more CO2 than they do towards 
maturity and harvest in March. It is clear that more data is required to build a better 
baseline of CO2 and photosynthesis behaviour in the orchard. In particular, the pre-sunrise, 
sunrise and minimum CO2 concentration are of interest in developing predictive modelling. 
This should also incorporate spatial temporal measurements, which require greater mobility 
of the current and future bistatic LIDAR platforms. This would additionally help eliminate 
environmental factors that were present in the results. 
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NEXT STEPS 
 

 

The project identified the following specific gaps in the technology that could be solved 
within a short timeframe: 

• Financial and economic analysis of orchard decision making using Cartographer for 
stone fruit growers. 

• Utilising Cartographer's measures of tree size to establish crop load relationships 
with fruit quality and tree size so that optimal and precise thinning and pruning 
strategies can be tailored to each individual orchard block. 

• Calibration and validation of Cartographer estimating percent bloom in stone fruit. 
• Exploring skin colour parameters (e.g., b*, CDI) as measure of maturity in multiple 

cultivars. 
• Capture additional data to improve the accuracy of the fluorescence-reflectance 

spectrometer to detect and predict internal disorders. 
• Incorporate a colourimeter sensor into the fluorescence-reflectance spectrometer. 
• Expand the calibration of the fluorescence-reflectance spectrometer to more 

cultivars and explore grouping cultivars into universal calibrations (e.g., white v 
yellow flesh). 

• Use the bistatic LIDAR system to examine fluctuations in above canopy CO2 due to 
water deficits, pests and diseases (i.e., abiotic and biotic stressors). 

• Compare Bi-static LiDAR measures of above canopy CO2 with leaf-level CO2 flux and 
photosynthesis. 

 

Future application of Cartographer for the stone fruit industry should focus on: 

• Stream data into platforms for mechanised spatial management (e.g., Darwin 
thinning, spraying, hedging, pruning). 

• Integrate the data into a supply chain traceability system. 
• Forecast yields and fruit classes (e.g., fruit size distribution) to improve marketing 

and post-harvest logistics. 
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Potential applications of the fluorescence-reflectance spectrometer include:  

• The development of a fruit grader-mounted fluorescence-reflectance spectrometer 
and associated predictive models would enable the adoption of this technology in a 
form most amenable to current industry practices. 

• Incorporate the technology into harvesting platforms to provide growers with spatial 
data on maturity, flesh firmness, soluble solids concentration and internal disorders 
and inform packers of the quality and storage potential of the fruit. 

• Integrate the data into a supply chain traceability system. 

 

Exploration of advances in bistatic LiDAR technology to increase its utility include: 

• The use of frequency combs to improve the measurement system with a greater 
number of wavelengths examined and less temperature and current control. 

• Measure ethylene production by replacing current bistatic LIDAR (operates at 1575 
nm) with a laser in the 3200nm MIR using the DIAL technique. 

• Using the combination of bistatic LiDAR, hyperspectral imaging (captured on a UAV) 
and machine learning techniques for better diagnostics of crop stress associated 
with pests and diseases. 

 

Overall, considerably more work needs to be undertaken in the following areas to improve 
the adoption of advanced sensor technology in the stone fruit industry: 

• Reducing the need for orchard-specific fruit number calibration of Cartographer 
(e.g., identify foliage obscured fruit). 

• New sensors for Cartographer (e.g., tree nutrient and water stress, identification of 
pests and diseases). 

• Alternative sensing platforms (e.g., drones, tractors, autonomous ground platforms). 
• High-resolution LiDAR combined with thermal imaging and light interception models 

to assess the risk of low-quality fruit (e.g., sun damage, poor colour). 
• Develop artificial intelligence (AI) based orchard management and decision-making 

applications using integrated sensor data. 
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Dr Muhammad Islam, Research Scientist, Agriculture Victoria 
Christine Frisina, Technical Officer, Agriculture Victoria 
 
Trevor Ranford, CEO, Summerfruit Australia Limited 
 
Dr Steve Scheding, Co-Founder, Green Atlas 
Dr James Underwood, Co-Founder, Green Atlas 
Dr Peter Morton, Co-Founder, Green Atlas 
 
Dr Daniel Pelliccia, Founder, Rubens Technologies Pty Ltd 
 
Prof Pier Marzocca, Director, Sir Lawrence Wackett Centre, RMIT University 
Prof Arnan Mitchell, Director, Micro Nano Research Facility, RMIT University 
Prof Roberto Sabatini, ex Deputy Director, Sir Lawrence Wackett Centre (ex RMIT University) 
Dr Alex Gardi, Senior Research Fellow, (ex RMIT University) 
Thomas Fahey, PhD student, RMIT University 
Maidul Islam, PhD student, RMIT University 
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Videos 
U-tube video of how to use the fluorescence sensor 
Completed and uploaded on HIN website (http://www.hin.com.au/networks/profitable-
stonefruit-research/prototype-for-fruit-chain-quality-management-technology) 
 
U-tube videos of how to use the Cartographer 
Completed and uploaded on HIN (3 separate videos on (i) Description, (ii) Data visualisation, 
(iii) Utility) http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-
orchard-technology/agtech-big-data-mobile-sensing-in-orchards 
 
Media 
Food Agility media release (7 October 2020) “Sensors to Spot the Sweetest Peach” 
 https://www.foodagility.com/posts/sensors-to-spot-the-sweetest-peach-new-project-for-
australian-summerfruit-exports 

• Radio 
o ABC Riverina – Interview with Trevor Ranford – 8 Oct 2020  
o ABC VIC Country Hour – Interview with Ian Goodwin – 13 Oct 2020 (starts at 

18 mins) https://www.abc.net.au/radio/programs/vic-country-
hour/victorian-country-hour/12737926  

o ABC Mildura – Interview with Ian Goodwin – 13 Oct 2020 (Syndicated)  
o ABC Goulburn Murray – Interview with Ian Goodwin – 13 Oct 2020 

(Syndicated) 
o ABC Ballarat – Interview with Ian Goodwin – 13 Oct 2020 (Syndicated)  
o 2GB – Interview with Daniel Pelliccia – 4 October 2020 “Torch like product to 

change the way fruit is picked” https://www.2gb.com/podcast/torch-like-
product-to-change-the-way-fruit-is-picked/ 

• Print 
o Sunraysia Daily – Mildura, 10 Oct 2020 

https://readnow.isentia.com/Temp/132529-894711/1345888407.pdf    
o The Weekly Times – VIC – 14 Oct 2020 

https://readnow.isentia.com/Temp/132529-987498/1347447397.pdf 
o Online  
o Fresh Plaza Media release – 7 Oct 2020 

https://www.freshplaza.com/article/9256711/sensors-to-spot-the-sweetest-
peach/ 

o Fresh Plaza – interview with Trevor Ranford – 8 Oct 2020 
https://www.freshplaza.com/article/9257026/it-will-assist-the-grower-in-

http://www.hin.com.au/networks/profitable-stonefruit-research/prototype-for-fruit-chain-quality-management-technology
http://www.hin.com.au/networks/profitable-stonefruit-research/prototype-for-fruit-chain-quality-management-technology
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-orchard-technology/agtech-big-data-mobile-sensing-in-orchards
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-orchard-technology/agtech-big-data-mobile-sensing-in-orchards
https://www.foodagility.com/posts/sensors-to-spot-the-sweetest-peach-new-project-for-australian-summerfruit-exports
https://www.foodagility.com/posts/sensors-to-spot-the-sweetest-peach-new-project-for-australian-summerfruit-exports
https://www.abc.net.au/radio/programs/vic-country-hour/victorian-country-hour/12737926
https://www.abc.net.au/radio/programs/vic-country-hour/victorian-country-hour/12737926
https://www.2gb.com/podcast/torch-like-product-to-change-the-way-fruit-is-picked/
https://www.2gb.com/podcast/torch-like-product-to-change-the-way-fruit-is-picked/
https://readnow.isentia.com/Temp/132529-894711/1345888407.pdf
https://readnow.isentia.com/Temp/132529-987498/1347447397.pdf
https://www.freshplaza.com/article/9256711/sensors-to-spot-the-sweetest-peach/
https://www.freshplaza.com/article/9256711/sensors-to-spot-the-sweetest-peach/
https://www.freshplaza.com/article/9257026/it-will-assist-the-grower-in-being-able-to-select-the-right-fruit-at-the-right-time-in-the-orchard/?edition=5
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being-able-to-select-the-right-fruit-at-the-right-time-in-the-
orchard/?edition=5 

o RMIT Announcement article – 8 Oct 2020 https://www.rmit.edu.au/news/all-
news/2020/oct/summer-fruits-sensors 

o Fruitnet – Article – 9 Oct 2020 
www.fruitnet.com/produceplus/article/183165/sensing-quality-australian-
stonefruit 

o The Weekly times – 12 Oct 2020 
https://www.weeklytimesnow.com.au/agribusiness/horticulture/orchard-
trial-using-handheld-sensor-to-test-a-peachs-sweetness/news-
story/7a3889e0f7c5f2747449773b213704b8?btr=21b758155c86fdec9d1b28
9bfb935c84 

o Aus Manufacturing – 12 Oct 2020 
https://www.australianmanufacturing.com.au/130095/aussie-researchers-
to-trial-new-sensor-technology-capable-of-spotting-the-sweetest-summer-
fruit 

o Foodprocessing.com – Article – 12 Oct 2020 
https://www.foodprocessing.com.au/content/processing/article/sensors-to-
spot-the-sweetest-summer-fruit-41332620 

o Good Fruit and Vegetables – Article – 9 Oct 2020 
https://www.goodfruitandvegetables.com.au/story/6986929/tech-to-
predict-peach-readiness-sweet/?cs=4928 

o Australian Tree Crop – Article – 13 Dec 2020 
https://www.treecrop.com.au/news/high-tech-sensors-spot-sweetest-
peaches/ 

• Social Media  
o https://twitter.com/foodagility/status/1313703936486825984  
o https://www.linkedin.com/feed/update/urn:li:activity:671947377814290432  
o https://www.facebook.com/FoodAgility/posts/993795817801096 
o https://twitter.com/ResearchRMIT/status/1314030196589199360 

 
Goodwin, I. Interview (12 May 2021) and subsequent comment in SMH Good Weekend 
article “How Australian agtech is driving change in farming” (5 Jun 2021)  
 
Goodwin, I. Interview (2 June 2021) on sensors for Summerfruit for the 
“Good Fruit Grower” magazine (August 2021 issue) https://indd.adobe.com/view/1beff627-
9a86-4c52-9935-98d122c096d0?transition 
 

https://www.freshplaza.com/article/9257026/it-will-assist-the-grower-in-being-able-to-select-the-right-fruit-at-the-right-time-in-the-orchard/?edition=5
https://www.freshplaza.com/article/9257026/it-will-assist-the-grower-in-being-able-to-select-the-right-fruit-at-the-right-time-in-the-orchard/?edition=5
https://www.rmit.edu.au/news/all-news/2020/oct/summer-fruits-sensors
https://www.rmit.edu.au/news/all-news/2020/oct/summer-fruits-sensors
http://www.fruitnet.com/produceplus/article/183165/sensing-quality-australian-stonefruit
http://www.fruitnet.com/produceplus/article/183165/sensing-quality-australian-stonefruit
https://www.weeklytimesnow.com.au/agribusiness/horticulture/orchard-trial-using-handheld-sensor-to-test-a-peachs-sweetness/news-story/7a3889e0f7c5f2747449773b213704b8?btr=21b758155c86fdec9d1b289bfb935c84
https://www.weeklytimesnow.com.au/agribusiness/horticulture/orchard-trial-using-handheld-sensor-to-test-a-peachs-sweetness/news-story/7a3889e0f7c5f2747449773b213704b8?btr=21b758155c86fdec9d1b289bfb935c84
https://www.weeklytimesnow.com.au/agribusiness/horticulture/orchard-trial-using-handheld-sensor-to-test-a-peachs-sweetness/news-story/7a3889e0f7c5f2747449773b213704b8?btr=21b758155c86fdec9d1b289bfb935c84
https://www.weeklytimesnow.com.au/agribusiness/horticulture/orchard-trial-using-handheld-sensor-to-test-a-peachs-sweetness/news-story/7a3889e0f7c5f2747449773b213704b8?btr=21b758155c86fdec9d1b289bfb935c84
https://www.australianmanufacturing.com.au/130095/aussie-researchers-to-trial-new-sensor-technology-capable-of-spotting-the-sweetest-summer-fruit
https://www.australianmanufacturing.com.au/130095/aussie-researchers-to-trial-new-sensor-technology-capable-of-spotting-the-sweetest-summer-fruit
https://www.australianmanufacturing.com.au/130095/aussie-researchers-to-trial-new-sensor-technology-capable-of-spotting-the-sweetest-summer-fruit
https://www.foodprocessing.com.au/content/processing/article/sensors-to-spot-the-sweetest-summer-fruit-41332620
https://www.foodprocessing.com.au/content/processing/article/sensors-to-spot-the-sweetest-summer-fruit-41332620
https://www.goodfruitandvegetables.com.au/story/6986929/tech-to-predict-peach-readiness-sweet/?cs=4928
https://www.goodfruitandvegetables.com.au/story/6986929/tech-to-predict-peach-readiness-sweet/?cs=4928
https://www.treecrop.com.au/news/high-tech-sensors-spot-sweetest-peaches/
https://www.treecrop.com.au/news/high-tech-sensors-spot-sweetest-peaches/
https://twitter.com/foodagility/status/1313703936486825984
https://www.linkedin.com/feed/update/urn:li:activity:6719473778142904320
https://www.facebook.com/FoodAgility/posts/993795817801096
https://twitter.com/ResearchRMIT/status/1314030196589199360
https://indd.adobe.com/view/1beff627-9a86-4c52-9935-98d122c096d0?transition
https://indd.adobe.com/view/1beff627-9a86-4c52-9935-98d122c096d0?transition
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R. Sabatini and A. Gardi – Interview on the RMIT’s Bistatic LIDAR for the 
“Good Fruit Grower” magazine – In press (August 2021 issue) 
https://indd.adobe.com/view/1beff627-9a86-4c52-9935-98d122c096d0?transition 
 
Pelliccia, D. Interview (26 Nov 2021) by growAG "Rubens Technologies takes fruit quality 
testing to the next level" https://www.growag.com/highlights/article/rubens-technologies-
takes-fruit-quality-testing-to-the-next-
level?mkt_tok=NjQzLU5PRy0zMDAAAAGA0%E2%80%A6 
 
Conferences, workshops, webinars 
 
Scalisi, A and O’Connell, M.G., 2021. Sensors for Summerfruit. Food Agility Summit, 15–16 
March 2021 
 
Goodwin, I., 2021. Introduction to the CRC Food Agility Project. Summerfruit R&D Showcase, 
Tatura, 26 May 2021 
 
Pelliccia, D., 2021. Real-time and non-destructive fruit quality assessment with the new 
Rubens handheld sensor. Summerfruit R&D Showcase, Tatura, 26 May 2021  
 
Scheding, S., 2021. Documented methodology to evaluate (i.e., ‘road test’) Cartographer in 
commercial orchards to estimate fruit size and colour. Summerfruit R&D Showcase, Tatura, 
26 May 2021  
 
Gardi, A., 2021. RMIT Bistatic LiDAR. Summerfruit R&D Showcase, Tatura, 26 May 2021  
 
O’Connell, M., 2021. Sensors for Summerfruit. Webinar. AVR Stonefruit Research 
Roadshow, 25 August 2021 
 
Pelliccia, D., 2021. Handheld sensor: measuring fruit quality and maturity. Webinar. AVR 
Stonefruit Research Roadshow, 25 August 2021 
 
Scheding, S., 2021. Mobile platform to map fruit number, size, colour and canopy size. 
Webinar. AVR Stonefruit Research Roadshow, 25 August 2021, 
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-orchard-
technology/agtech-big-data-mobile-sensing-in-orchards 
 
O’Connell, M., 2021. Sensors for Summerfruit. Webinar. AgLink Tree Crop Agronomy Forum, 
26 August 2021 
 

https://indd.adobe.com/view/1beff627-9a86-4c52-9935-98d122c096d0?transition
https://www.growag.com/highlights/article/rubens-technologies-takes-fruit-quality-testing-to-the-next-level?mkt_tok=NjQzLU5PRy0zMDAAAAGA0%E2%80%A6
https://www.growag.com/highlights/article/rubens-technologies-takes-fruit-quality-testing-to-the-next-level?mkt_tok=NjQzLU5PRy0zMDAAAAGA0%E2%80%A6
https://www.growag.com/highlights/article/rubens-technologies-takes-fruit-quality-testing-to-the-next-level?mkt_tok=NjQzLU5PRy0zMDAAAAGA0%E2%80%A6
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-orchard-technology/agtech-big-data-mobile-sensing-in-orchards
http://www.hin.com.au/networks/profitable-stonefruit-research/stonefruit-orchard-technology/agtech-big-data-mobile-sensing-in-orchards
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Scheding, S., 2021. Mobile platform to map fruit number, size, colour and canopy size. 
Webinar. AgLink Tree Crop Agronomy Forum, 26 August 2021 
 
Goodwin, I., 2021. Deploying real-time sensors to meet Summerfruit export requirements 
for China. Food Agility CRC Research Symposium "From Gnarly to Eureka", 12 October 2021 
 
Gardi, A., 2021. Development and application of bistatic LiDaR for CO2 sensing in 
Summerfruit crops. Food Agility CRC Research Symposium "From Gnarly to Eureka", 12 
October 2021 
 
Goodwin, I., 2022. The Tatura SmartFarm and sensors to measure stone fruit maturity and 
quality. Robert Carlson Lecture. International Fruit Tree Association 65th Annual 
Conference, Pennsylvania, 12–15 February 2022 
 
Goodwin, I., 2022. Using sensors to measure stone fruit quality and maturity. Ontario Fruit 
and Vegetable Convention, Ontario, 23–24 February 2022 
 
O’Connell, M., 2022. Cartographer. Fruit Tech 2022, Fruit Growers Victoria, Kialla, 25 May 
2022 
 
Pelliccia, D., 2022. Fluorescence-reflectance spectrometer. Fruit Tech 2022, Fruit Growers 
Victoria, Kialla, 25 May 2022 
 
Pelliccia, D., 2022. Fluorescence-reflectance spectrometer. Digital Agrifood Summit, Wagga 
Wagga, 1 June 2022  
 
Fahey, T., 2022. Bistatic LIDAR system field deployment and initial measurement of 
respiration. Summerfruit Australia R&D Forum and Showcase, Tatura SmartFarm, 28 July 
2022 
 
Maidul, I., 2022. Multispectral imaging to estimate fruit firmness, sweetness and maturity. 
Summerfruit Australia R&D Forum and Showcase, Tatura SmartFarm, 28 July 2022 
 
Plozza, T., 2022. Sensing internal fruit disorders. Summerfruit Australia R&D Forum and 
Showcase, Tatura SmartFarm, 28 July 2022 
 
O’Connell, M., 2022. Sensors for Summerfruit. 25th Australasian Precision Agriculture 
Symposium, Adelaide, 6–7 September 2022. 
 
Field walks 
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Scalisi, A., Pelliccia, D., O'Connell, M. and Goodwin, I., 2021. Field demonstration of 
Cartographer and the fluorescence-reflectance spectrometer. Summerfruit R&D Showcase, 
Tatura SmartFarm, 26 May 2021 
 
Year 12 high school science students from Assumption College and Thornbury visited Tatura 
SmartFarm (28 February and 3 March 2022, ~ 25 students) and participated in fruit quality 
measurement activities designed to enhance understanding of research and the attributes 
of fruit that contribute to market assessment of fruit quality 
 
Scalisi, A. and O’Connell, M., 2022. Introducing the Cartographer for estimates of crop load, 
colour and fruit size. Cutri Fruit, Swan Hill, 18 February 2022     
 
Scalisi, A. and O’Connell, M., 2022. Demonstration of the fluorescence-reflectance 
spectrometer. Cutri Fruit, Swan Hill, 18 February 2022 
 
Scalisi, A. and O’Connell, M., 2022. Demonstration of the handheld field colourimeter. Cutri 
Fruit, Swan Hill, 18 February 2022 
 
Scalisi, A., 2022. Cartographer. Launch Victoria Orchard Technology field day, Tatura 
SmartFarm, 25 March 2022 
 
Pelliccia, D., 2022. Fruit quality sensing. Launch Victoria Orchard Technology field day, 
Tatura SmartFarm, 25 March 2022 
 
Scalisi, A., Pelliccia, D., O'Connell, M. and Goodwin, I., 2022. Sensors for Summerfruit – field 
demonstration of Cartographer and the fluorescence-reflectance spectrometer. 
Summerfruit Australia R&D Forum and Showcase, Tatura SmartFarm, 28 July 2022 
 
Visits and tours of the Tatura SmartFarm: Consultants (Fruit Help, iCd Project Services, 
Advanced Horticulture); SupPlant; GMW Executive; Internal DJPR (Director Ag Industry 
Development); Victorian Agriculture Minister launch of the Tatura SmartFarm (18 January 
2021); LaunchVic (Georgia McDonald and Josh Lipscombe) and Ag Vic Policy (Will Dalton and 
Matt Dresser) (21 May 2021); Chao Chen (Monash Robotics - Course Director of Robotics 
and Mechatronics Engineering ) (25 Jun 2021); Kubota Australia delegation (10 March 2022); 
Monash University robotics team (23 – 26 March 2022); Ripe Robotics team (28 March 
2022); Goulburn Broken CMA Board, CEO and staff (28 April 2022); NZ Ministry for Primary 
Industries delegates (12 May 2022); BAS Sheep and Wool extension officers (25 May 2022); 
QDAF delegation (16 June 2022); Federation University (19 September 2022) 
 
Awards 
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Ian Goodwin received the International Fruit Tree Association (IFTA) Carlson Lecture Award, 
13 February 2022 
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APPENDICES 
 

 
Appendix 1. Summerfruit industry metrics for field and export chain measures of fruit 
maturity and quality. 

Appendix A - FA042 
- AVR Report - Indus        
Appendix B. Summerfruit industry metrics for field colour determination and the 
importance of colour for determining maturity, management inputs and marketing 
strategies. 

Appendix B - FA042 
- AVR Report - Indus       
Appendix C. Summerfruit industry metrics for detecting and predicting storage disorders. 

Appendix C - FA042 
- AVR Report - Indus      
Appendix D. Summerfruit industry metrics for yield, fruit number, fruit size and colour. 

Appendix D - FA042 
- AVR Report - Indus     
Appendix E. Review of technology for proximal and mobile (LiDAR and optical) sensing of 
fruit size and colour. 

Appendix E - FA042 
- AVR Review - Senso         
Appendix F. Field testing the accuracy of the Rubens Technologies handheld colourimeter 
against the Minolta spectrophotometer. 

Appendix F - FA042 
- AVR Technical Repo     
Appendix G. Reliability of Green Atlas Cartographer for spatial estimates of fruit number, 
fruit size and fruit colour. 

Appendix G - FA042 
- AVR Technical Repo             
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Appendix H. Evaluation of the commercial uptake and performance of spatial sensing of 
fruit size, colour and tree yield in stone fruit orchards. 

Appendix H - FA042 
- AVR Technical Repo           
Appendix I. Protocol for using mobile platform and sensors to identify fruit, measure fruit 
size and colour, and predict yield in stone fruit orchards. 

Appendix I - FA042 
- AVR Technical Repo       
Appendix J. Accuracy of a handheld fluorescence-reflectance sensor to measure fruit quality 
attributes in stone fruit. 

Appendix J - FA042 
- AVR Technical Repo           
Appendix K. Accuracy and utility of fluorescence spectrometry to predict and detect the 
appearance of internal disorders in stone fruit. 

Appendix K - FA042 
- AVR Technical Repo             
Appendix L. Grower road-testing of a handheld fluorescence-reflectance sensor to measure 
fruit quality attributes in stone fruit. 

Appendix L - FA042 
- AVR Technical Repo        
Appendix M. System design specifications – Bistatic LIDAR. 

Appendix M - 
FA042 - RMIT Report         
Appendix N. Bistatic LIDAR design specifications and laser safety analysis. 

Appendix N - FA042 
- RMIT Report - Bista         
Appendix O. Multi-sensor monitoring of stone fruit orchards from UAS for precision farming. 
Concept of operations (CONOPS). 

Appendix O - FA042 
- RMIT CONOPS - UA       
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Appendix P. Spatial photosynthesis measurements through remote sensing in modern stone 
and pome fruit orchards. 

Appendix P - FA042 
- RMIT Technical Rep            
Appendix Q. Special sensing of fruit colour and maturity in stone fruit orchards. 

Appendix Q - FA042 
- RMIT Technical Rep              
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