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Automated imaging systems offer the potential to inspect the quality and safety of 

fruits and vegetables consumed by the public. Current automated inspection systems 

allow fruits such as apples to be sorted for quality attributes such as weight, color, 

and size based on imaging a portion of the surface of each fruit. However, to ensure 

the inspected fruits are free of defects and contamination, the whole surface of each 

fruit must be imaged. The goal of this project was to develop an economical module 

capable of providing whole surface imaging of apples using mirrors and a single 

camera.  Different configurations of flat and concave mirrors were examined and 

their ability to approach 100% of an apple's surface were characterized and compared. 

Specific configurations of two, four, or six parabolic concave mirrors were found 

capable of imaging an entire apple surface at desired image  size for inspection 

without image distortion.  This imaging module developed could be integrated into 

existing automated inspection systems to leverage the effectiveness of food safety 

inspection. 
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Chapter 1: Introduction 
 

Automated imaging systems offer the potential to expedite inspection of the 

quality and safety of fruits and vegetables consumed by the public. Recent outbreaks 

of foodborne illness in the U.S. remind the public of the food safety risks in 

consuming produce. For instance, unpasteurized apple juice and cider have been 

repeatedly linked to Escherichia coli O157:H7 contamination (FDA, 1999), mainly 

because apples with defects such as diseased or fungal contaminated surfaces and 

open skin cuts and bruises may become sites for microbial attack (Fatemi et al., 2006). 

In addition, apples that have fallen on the ground can be contaminated with fecal 

material. Current automated inspection systems allow fruit such as apples to be sorted 

for quality, namely by physical characteristics such as weight, color, shape, and size. 

To date, automated defect and contamination detection methods, on the other hand, 

are not commercially available due to challenges in whole surface imaging, especially 

concave areas on fruit surfaces.   

A variety of setups for whole surface imaging has been attempted and reported in 

the literature (Li et al., 2002; Bennedsen et al., 2005; Imou et al., 2006); unfortunately, 

none allow for whole surface imaging that is commercially feasible.  At present, 

sorting of fruits for surface defects is mainly done by manual inspection (Bennedsen 

et al., 2005). Thus, there is pressing need to develop an effective and economical 

method for automated whole surface imaging of fruits. This study examines the use of 

mirrors for whole surface imaging of an apple using a single camera. 
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Chapter 2: Literature Review 
 

Food Safety and Fresh Produce 

Foodborne pathogens 

Each year there are an estimated 76 million cases of foodborne illnesses, of which 

5,000 are fatal (Mead et al., 1999).  Some of the most frequent foodborne pathogens 

associated with fresh produce include Salmonella and Escherichia coli O157:H7.  

Outbreaks linked to Campylobacter jejuni have been found for contaminated melons 

and strawberries (CDC, 1993) while Listeria monocytogenes food recalls have been 

associated with lettuce and fresh-cut fruit (FDA, 2006); however, these pathogenic 

bacteria are primarily associated in outbreaks with meat and poultry products.  

Salmonella and pathogenic E. coli were the two largest foodborne pathogens linked to 

fresh produce from 1973 to 1997 (Sivapalasingam et al., 2004, Abadias et al., 2008) 

with Salmonella leading to 2 to 4 million cases of illness annually (FDA, 2001). In 

recent years, there have been numerous deadly human infections caused by E. coli 

O157:H7. In the early 1990s, hundreds were sickened and several deaths were caused 

by contaminated ground beef and hamburger patties (CDC, 1993). The Center for 

Food Safety and Applied Nutrition (CFSAN) at the U.S. Food and Drug 

Administration (FDA) reports between 20,000 and 40,000 cases of illness related to E. 

coli infection annually (FDA, 2001). The infectious doses of Salmonella and 

pathogenic E. coli can both be very low (depending on the strain of the bacteria): as 

low as 15 to 20 Salmonella CFU (colony-forming units) can cause illness (FDA, 2006) 
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and just 10 to 100 CFU of E. coli O157:H7 can cause illness (Jay et al., 2005).  

Produce that has been implicated in E. coli infection include spinach, lettuce, alfalfa 

sprouts, and apple cider (CDC, 2006; CDC, 1996; FDA, 2007). Recently, at least 205 

cases of illness and three deaths were linked to spinach found to contain E. coli (FDA, 

2007). Some foodborne pathogens associated with fresh produce outbreaks in the U.S. 

in recent years are summarized in Table 1. 
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Table 1: Recent outbreaks and recalls due to pathogens in fresh and fresh-cut produce 
Microorganism Target Outbreak 

(deaths) 
Year Reference 

Salmonella 
Baildon 

S. Chester 
 
S. Javiana 
S. Montevideo 
S.  Muenchen 
 
S. Oranienburg 
S. Poona 
S. Saphra 
Salmonella 
 
 

 
Tomatoes 
Cantaloupe  
 
Tomatoes 
Tomatoes 
Orange juice 

(unpasteurized) 
Fruit salad 
Cantaloupe 
Cantaloupe 
Spinach 

 
86 cases 
247 cases (2 
deaths) 
176 cases 
100 
207 cases 
 
41 cases 
47 cases 
24 cases 
Recall, no 
reported 
illnesses 
 

 
1999 
1990 
 
1990 
1993 
1999 
 
2006 
2000 
1997 
2007 
 

 
CDC, 1999 
CDC, 1990 
 
Jay, 2005 
Jay, 2005 
CDC, 1999 
 
CDC, 2006 
CDC, 2000 
CDC, 1997 
FDA, 2007 

E. coli O157:H7 
 
 
 

Apple juice 
(unpasteurized) 

Spinach 
 
 
Alfalfa Sprouts 
Romaine, green leaf, 

& butter lettuce 
 

66 cases, (1 
death) 
205 cases, 
nationwide (3 
deaths) 
108 cases 
Recall, no 
reported 
illnesses 
 

1996 
 
2007 
 
 
1997 
2007 

CDC, 1996 
 
FDA, 2007 
 
 
CDC, 1997 
FDA, 2007 

Shigella sonnei 
 

Fresh parsley 443 cases 1998 CDC, 1998 

Campylobacter 
jejuni 

 

Melons & 
strawberries 

48 cases 1993 CDC, 1993 

Listeria 
monocytogenes 

 
 

Fresh-cut 
(cantaloupe, 
honeydew, red 
grapes, pineapple, 
watermelon or 
strawberries) 

 

Recall, no 
reported 
illnesses 

2006 FDA, 2006 

Smaller foodborne pathogen outbreaks involving produce items have also been linked to Cyclospora 
cayetanensis, Giardia lamblia, as well as several others (Sivapalasingam et al., 2004). 
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The public remains at risk from foodborne diseases from produce that may be 

exposed to direct or indirect contact with animal feces and is not subsequently treated 

to kill all pathogenic bacteria. Raw, untreated bovine and ovine manure have been 

shown to harbor pathogenic E. coli bacteria that can survive for up to 70 days (Kudva 

et al., 1998). These bacteria are frequently found in the intestines of sheep, cattle, and 

deer. Apples have the potential to be contaminated with E. coli bacteria if the fruit 

comes in contact with fecal material. The FDA further states that: 

animal feces can contaminate apples either directly by contaminating 
apples dropped on the ground or indirectly by contaminating workers, 
crates used to haul apples, water used for spraying and irrigating 
orchards, and possibly by being carried by the air (FDA, 1996).   

 

The source of a 1996 outbreak of pathogenic E. coli in unpasteurized apple cider in 

Connecticut was never definitively proven, but “drop” apples (apples used in juice 

that had fallen and been picked off the ground) were the presumed source of E. coli 

contamination (Hilborn et al., 2000). The drop apples were likely to have come in 

contact with animal feces (such as cow or deer) on the ground. Evaluation of the 

outbreak determined that washing and brushing apples was not sufficient to prevent 

cider contamination. Also in 1996, the CDC found unpasteurized apple cider to be the 

source of another E. coli outbreak in western states resulting in at least 66 confirmed 

illnesses and one death (CDC, 1996; FDA, 1999). Odwalla brand juices were found to 

contain the pathogen and over 1000 units were pulled from stores. The exact source 

of the contamination was never pinpointed, though sanitation procedures were found 

to be deficient in the production plant and contaminated apples were possibly used for 

juice.  
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Food Safety Monitoring 

 
Several U.S. government agencies are charged with overseeing, monitoring, and 

reporting food safety-related issues. The U.S. Department of Agriculture (USDA) 

operates the Food Safety Inspection Service (FSIS) that inspects and regulates meat, 

poultry, and egg products. The FDA is responsible for regulating shellfish, milk, and 

retail food. The Centers for Disease Control and Prevention (CDC) report, track, and 

investigate illness outbreaks. These federal agencies in cooperation with the industry 

and state and local governments work to ensure the safety of the nation’s food supply. 

It is through the FDA and FSIS that food product recalls can be initiated, though 

companies can initiate product recalls without government pressure. With fresh fruits 

and produce, it is often difficult to pinpoint where contamination occurred in an 

illness outbreak as demonstrated in the aforementioned E. coli outbreak in 

Connecticut. In addition, fresh fruits have relatively limited shelf life. E. coli and 

Salmonella have incubation periods of up to four and two days, respectively (Jay et 

al., 2005). By the time symptoms are present in a person, the food may have been 

discarded, making it extremely difficult to track the source of outbreaks. 

 

Apple Consumption  

Among the American public, apples remain a popular choice for fruit 

consumption (both processed and unprocessed forms) and a significant part of the 

American diet. The Economic Research Service (ERS) of the USDA estimates that 

nearly 45 pounds of apples (fresh and processed) are consumed per person in the US 

 6 
 



 

each year with consumption of fresh whole apples at 18 pounds (2005). Apples are 

consumed in various processed forms (such as apple cider or applesauce) and non-

processed forms (fresh varieties found in restaurants and grocery stores). In 2007, the 

USDA forecasted apple production at 221.1 million bushels—of which 141.1 million 

bushels would be fresh products and 78 million bushels would be processed products.  

Fresh-cut packaged fruit are increasingly popular due largely to its perceived health 

benefits (compared to conventional snack foods) and convenience. Sales of fresh-cut 

fruit grew 15.7 percent from 2005 to 2006—representing $242 million in the first 

quarter of 2006 alone, according to the fresh-cut trade association (Fresh Cut, 2006).  

One notable example reflecting this trend is that many fast-food chains have recently 

replaced French fries in kids’ meals with apple slices to provide healthier options.   

 

Mode of Contamination Transfer and Sources of Contamination 

Most processed apple products such as applesauce and apple juice undergo 

thermal processing to kill pathogenic microorganisms. In recent years, processed 

apple cider has been found to be susceptible to E. coli contamination but in these 

cases the cider was not pasteurized. Fresh-cut packaged fruits generally do not 

undergo such rigorous processes due to quality degradation of the fresh products.  

Fresh-cut fruit can be minimally treated, such as with washes and modified 

atmospheric packaging. Nevertheless, fresh-cut packaged fruit may still pose a risk of 

transmitting foodborne pathogens, for instance, by coming in contact with 

contaminated cutting equipment. Little information about microbial contamination of 

fresh-cut fruits or vegetables has been published (Abadias et al., 2008). For some 
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whole fresh produce, possible routes of contamination include contact with animal 

fecal material as well as improper handling procedures from workers that pick and 

pack fruit. Contamination can also come from irrigation water or dust containing 

fecal material. The sources of bacterial contamination are summarized in Table 2. 

Contamination can be reduced if interventions are in place to reduce risk at different 

points in the process of harvesting, transporting, sorting, and packing apples (see 

Figure 1 and Table 2). Such a risk reduction plan could operate similar to a Hazard 

Analysis Critical Control Points (HACCP) management scheme, a preventative, 

proactive system with various points of control designed to reduce or eliminate 

hazards to ensure production of microbiologically safe foods. However, practical 

difficulties exist in establishing HACCP plans for the entire apple processing, since it 

is impossible to set up the control limits in the open field. Establishment of HACCP is 

only feasible in the enclosed processing facilities to cut or process apples into small 

pieces or juice products. Therefore, an effective inspection system is urgently needed 

to detect points of contamination as early as possible in the processing scheme.  

 8 
 



 

 9 
 

 

Figure 1.  Process diagram for typical apple processing.  Numbers in diamonds reference stages 
in Table 2 (page 10). 
Figure 1.  Process diagram for typical apple processing.  Numbers in diamonds reference stages 
in Table 2 (page 10). 
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Table 2.  Actions to reduce microbial risks during post-harvesting of fruit. 
Stage 
 

Vulnerability Method for microbial 
reduction 

Remarks Reference 

1.  Harvesting 
 
 

Contamination 
from contact with 
animal feces, 
human handling  

Prevent animals from 
entering orchard; GAPs 
(employees hygiene) 

Good Agricultural Practices (GAPs) 
promote food safety from “farm to table” 
and includes proper worker hygiene in 
reducing contamination risk. 
Apples that are dropped may come in 
contact with animal feces. Crates set on the 
ground and then stacked can contaminate. 
 

Cornell GAPs 
Wireman et al., 2001 
Fatemi et al., 2006 
Kaushal & Sharma, 
1995 

2.  Transportation 
to packing 
facility 

 

Contamination 
from field dust 
(containing 
manure) 
 
 

Cover fruit Orchards adjacent to fields that are fertilized 
with manure may be at increased risk since 
fecal material can be blown on to apples and 
settle in the stem area or other defect areas 
of the apple 
 

Wireman et al., 2001 
 

3.  Washing 
 

Cross-
contamination in 
water stream 

Sufficient concentration 
(50 ppm) of chlorine 
monitored several times 
per day; water pH 6.5 – 
7.5 to keep Cl2 active 
 

Chemical poses potential toxicity: 
prolonged exposure to chemical is an 
irritant to workers 
 

Abadias, 2008; 
Cornell GAPs 

4.  Storage 
 

Microbial growth 
temperatures; 
relative humidity 
(RH) 
 
 

Cold storage, controlled 
atmosphere (CA):low O2, 
high N2,  

Temp.= -1 to 4°C : Slow or inhibit 
microbial growth for some pathogens, 
Controlled Atmosphere: inhibit ripening, 
%RH= 90-95 (RH too low dehydrates fruit; 
RH too high results in increased decay) 

Reed, 2003  



 

Technologies to Reduce Microbial Risks 

When consumed fresh, fruits inevitably bear the risk of introducing foodborne 

illness via contamination, since all fruits are subjected to certain degrees of handling 

and/or processing (Beuchat and Ryu, 1997). Even if the contamination rate on apples 

is very small, the risk may be relevant due to the high consumption rate of apples.  

Once an apple is contaminated, it is difficult to remove 100% of the contamination 

since most conventional washes and sanitizing methods cannot reduce microbial 

populations by more than 90 to 99 percent (Sapers, 2001). Chlorine and sodium 

hypochlorite are commonly used as sanitizers since they are widely available and 

inexpensive (Xu, 1999). A minimum concentration is required for the chemicals to be 

effective against bacteria. For example, the minimum concentration for chlorine is 50 

ppm and the water must be kept at a pH of 6.5-7.5 to keep the chlorine active 

(Abadias, 2008). Ozone has been shown to be an effective sanitizer, killing bacteria 

faster than chlorine. In addition, it decomposes to oxygen whereas chlorine sanitizer 

has chemical by-products. Ozone, like chlorine, at high concentrations is harmful to 

workers. However, sanitizers do not remove all contamination from fruit. A recent 

study found no significant difference between washing fresh produce with sanitizers 

(used in the home) and simply using tap water (Kilonzo-Nthenge et al., 2006; NPR, 

2007). 

Modified atmospheric packaging (MAP) is used in the fruit packing industry 

(specifically in storage). MAP minimally affects the product. Packaging atmosphere 

is altered, for example to 4% O2, 10% CO2, and 86% N2, and water activity is 

lowered which leads to lower microbial populations (Martinez-Ferrer, 2002). 
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Irradiation can also be used to kill pathogens without heating; however, this 

technique is more invasive since higher doses of radiation can lead to fruit surface 

softening and vitamin loss (Murano, 2003).  Methods for microbial reduction on fresh 

produce are given in Table 3 below.  

However, one of the most effective ways to reduce pathogens on produce comes 

from adhering to Good Agricultural Practices (GAPs), Good Manufacturing Practices 

(GMPs), and HACCP prevention strategies (Parish et al., 2003). When GAPs and 

GMPs procedures are followed, the likelihood of contamination proliferation can be 

reduced in production processes. Once produce has been contaminated with 

pathogenic microorganisms, there is no one step that can eliminate pathogens without 

also adversely affecting the quality of the produce. Instead, prevention strategies can 

help reduce risk at each and every production step.  
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Table 3. Current and potential non-thermal actions taken to reduce microorganisms on fresh fruits. 
Technology Fruit Effect (pros) Limitations (cons) Reference 
Irradiation:  
-UV (UV light is used to 
break down microorganisms) 
 
 
-Ionization (ionizing energy 
destroys microorganisms) 
 

 
Apples 
 
Peaches 
 
Strawberries 
Apples 
Apple juice 

 
Reduced post-harvest pathogens 
Eliminate chemicals; delays ripening 
(same) 
 
Reduced decay 
Delayed growth/destruction of pathogens without heating 
No alteration in flavors 

 
Limited penetration of rays, cost
 
 
 
Low consumer acceptance, 

softening of fruit surface, 
vitamin loss 

 

 
Bintsis et al., 2000 
Lu et al., 1991 
Lu et al., 1991 
 
Thayer & 
Rajkowski, 1999 
Murano, 2003 

Modified atmospheric 
packaging (MAP) 
 

 
 
Apples (slices)
 
Apples 
 
Mangoes, 
pineapple 
 
 
 

Maintain sterility, clear view of product, little or no need for 
chemicals 

Retard textural and flavor changes; reduce browning 
 
Long-term storage 
 
Reduce waste; extend shelf life; minimally affects product; 

lower water activity led to lower microbial population (under 
4% O2, 10% CO2, 86% N2) 

 

Finding plastic film with 
appropriate permeability; 
added cost; temperature 
control required; specialized 
training and equipment 
necessary 

Phillips, 1996 
 
Lakakul et al., 
1999 
Lakakul et al., 
1999 
Martinez-Ferrier et 
al., 2002 
 

Sanitizing 
-Chlorine (wash) 
 
-Sodium hypochlorite (wash) 
 
 
-Neutral electrolyzed water 
 
 
-Ozone 
 

 
Fruits 
 
Fruits 
 
 
Fruits, fresh-
cut vegetables 
 
Fruits, fresh-
cut vegetables 

 
Widely available, inexpensive 
Removes dirt 
Most widespread disinfectant 
 
 
As effective as sodium hypochlorite; offers safer and easier 

method for disinfecting 
 
Kills bacteria faster than chlorine; 1.5 times stronger than 

chlorine; 
Decomposes to oxygen; slows ripening process 

 
Limited effect on killing bacteria
Residual by-products of chlorine
Limited effect on killing bacteria
 
 
New technology, not in 

commercial use 
 
Harmful at high concentrations 

and extended durations of time

 
Abadias, 2008 
 
Abadias, 2008 
 
 
Abadias, 2008 
 
 
Xu, 1999; 
Achen & Yousef, 
2001 



 

Defects and Food Safety 

Microbial growth can be accelerated inside defects such as lesions, cuts, and 

bruises on the fruit surface (Fatemi et al., 2006). When fecal material comes in 

contact with defect sites of an apple (such as cuts and punctures) conditions are 

favorable for growth of pathogenic bacteria such as E. coli O157:H7 (Fatemi et al., 

2006). This is doubly problematic in that pathogenic cells once internalized in fruit 

not only may grow more rapidly but are also less likely to be affected by sanitizers (in 

contrast to pathogens that can be killed or washed away on the surface of the fruit).  

Also, fruits suffering from other disease such as mold offer sites that are favorable for 

pathogenic bacterial growth. These diseased areas on fruits may reduce acidity at the 

site (a natural barrier to microbial growth) and thus create favorable growth 

conditions for pathogenic microorganisms. 

 

Existing Automated Processing Systems 

Machine Vision 

Machine vision is increasingly used for automated inspection of agricultural 

commodities (Brosnan and Sun, 2004; Chen et al., 2002). Research results suggest 

that it is feasible to use machine vision systems to inspect fruit for quality related 

problems (Bennedsen and Peterson, 2005; Brosnan and Sun, 2004; Throop et al., 

2005). For fruit such as apples, commercial systems are available that allow sorting 

based on physical characteristics like weight, size, shape, and color. Automated fruit 

grading, standards assigned to fruit based on exterior quality, is also possible with 

 14 
 



 

machine vision (Leemans et al., 2002). Commercial sorters frequently use a conveyor 

system with either shallow cups (each cup holding one apple as it is moved) or bi-

cone rollers that allow apples to rotate while moving along the conveyor (Figure 2).  

To be considered commercially applicable, automated systems must be able to handle 

fruit at rates of at least 6-10 fruit per second (Throop et al., 2001).   

 

Figure 2. A Compac™ apple sorter.  Courtesy of Compac, Inc., Visalia, CA.  

 

A camera or cameras above the conveyor are commonly used to capture images in 

these systems, sometimes in conjunction with mirrors below the fruit. The rotation of 

apples produced by bi-cone rollers allows for the imaging of multiple aspects of each 

apple’s surface by using two or more cameras spaced apart along the conveyer. This 

approach has not been proven to be viable for defect detection for a number of 

reasons, including non-uniform rotation due to differences in apple sizes and frequent 

bouncing due to non-uniform shapes.   

Currently, there is no imaging process commercially used to detect defects or 

contamination due to lack of a method for imaging 100% of the entire surface of 

individual fruit. Thus, manual sorting remains the primary method for removal of 
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apples with defects (Bennedsen & Peterson, 2005). Human error in sorting for defects 

may easily occur from worker fatigue and task-repetitiveness. Whole surface imaging 

can play an important role in this commercial process if accurate identification is 

achievable to allow for the removal of defective fruits that pose a threat of harboring 

foodborne pathogens.  

Stem and Calyx 

Stem and calyx areas present challenges for image acquisition and analyses due to 

their concave shapes. To image the entire surface requires sufficient perspectives to 

guarantee that cameras or mirrors can “see” inside these regions. A number of studies 

(with varying degrees of success) have looked at different approaches to image these 

areas (Yang, 1992; Campins et al., 1997; Wen and Tao, 2000). Machine vision 

systems may detect the stem and calyx areas as defects unless their location is known 

(Throop et al., 2001). This issue has been addressed by researchers by either having 

sensors look for both defects and stem/calyx regions as the fruit moves or imaging 

fruit that is oriented (position of stem/calyx regions is known) in hope of eliminating 

the need to search for those regions (Throop et al., 2001). However, no satisfactory 

stem and calyx orientation system has yet been found to be economical (Bennedsen & 

Peterson, 2004).  

Furthermore, the stem on top of the apple is originally attached to the tree and the 

calyx is a natural opening at the bottom of the apple that was once the flower part of 

the fruit. These areas are likely to have greater contamination for several reasons. The 

stem area of an apple hanging from a tree allows for foreign materials to collect (such 

as blowing dust that may settle near the stem). The dust may come from nearby fields 
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that have been fertilized with raw untreated cattle manure. In addition, 

microorganisms can enter the natural openings of apples as well as cut surfaces 

(Fatemi et al., 2006; Mendonca, 2005). Fatemi et al. also found that open calyces 

allowed greater pathogenic bacterial penetration than did closed calyces (2006).  

Equally noteworthy is that washes have also proven ineffective at sanitizing these 

stem and calyx areas. For example, after apples were washed in water that contained 

bubbling ozone gas, counts of E.coli O157:H7 were reduced from the apple surface 

but not significantly from the stem/calyx (Achen & Yousef, 2001). In addition, stem 

and calyx areas are concave in shape and pose difficulties in imaging. To date, one of 

the greatest challenges in apple defect detection is distinguishing between the stem or 

calyx of an apple and actual defects (Throop et al., 2001). For this reason, some 

researchers seek alternatives where imaging the stem and calyx regions could be 

ignored. One such solution to this problem is to orient the apple prior to imaging so 

that the locations of the stem and calyx regions are known during imaging 

(Bennedsen et al., 2005). Imaging systems can then eliminate these concave areas 

since they are difficult to image and systems then direct efforts to the round surface of 

the fruit for quality imaging.  

 

Fecal Contamination Imaging 

Research results also indicate that it is feasible to use machine vision systems to 

inspect fruit for fecal contamination (Kim et al., 2002; Lefcourt et al., 2003; Lefcourt 

et al., 2005). Machine vision systems using fluorescent lighting have been able to 

detect fecal contamination on fruits such as apples and cantaloupe (Vargas et al., 
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2005). Such systems offer a non-invasive approach to detection of fecal material—a 

major food safety concern since feces from cows and deer have been shown to harbor 

pathogenic bacteria. However, these technologies are not currently used in 

commercial fruit sorting systems. 
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Whole Surface Imaging 

A variety of setups have been proposed for imaging portions of the surface of 

produce. A common method for surface imaging involves moving fruit along a 

conveyor belt and capturing an image with one or two camera, but imaging that does 

not include 100% of the fruit surface is inadequate for defect and contamination 

detection. Li et al. (2002) reported an experimental setup to image four sides of an 

apple sitting in a shallow cup using two cameras (one above and one below the apple) 

plus two mirrors on opposite sides of the apple. The cup was bottomless to allow for a 

bottom view of the fruit. The apples moved in the cups along a sorting conveyor. The 

authors reported that 93% accuracy was achieved in distinguishing between defects 

and the stem-calyx with processing speed of 3 to 4 fruit per second. While this 

method allows much of the fruit to be imaged, portions of the surface are still blocked 

by the cup in which the apples sit. In addition, the system proposed by Li et al. 

assumes a vertical orientation of the apple’s stem and calyx axis, but their 

experimental setup failed to address the need for a feeding or sorting system that is 

essential to ensure such orientation. If the apple stem-calyx axis was oriented in the 

cup at an angle less than 90º to the normal, the stem or calyx region may not be 

visible to the camera. Also, the use of a second camera diminished the desirability of 

this system since it significantly increased the cost.   

A second method for imaging fruit while in motion involves apples rolling under 

a camera based on the design of Throop et al. (2001) and tested by Bennedsen et al. 

(2005). In their tests, a camera captured 6 images per apple at 30º rotation intervals. 
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This procedure captured half, or 180º, of the viewable surface. The whole surface 

could have been imaged. However, the test system was designed not to consider the 

stem and calyx regions due to the complexity of those regions. This is an obvious 

limitation of their imaging approach since it discarded areas that are highly 

susceptible to contamination.   

Imou et al. (2006) proposed a method for reconstructing fruit shape from two-

dimensional strawberry images using one camera with nine mirrors. The objective of 

their project was to develop a quick and inexpensive system to measure the shape of 

strawberries for quality grading of the fruit. Strawberries were placed stem-down 

(upside down) on a turntable with nine mirrors placed evenly (every 40º) around the 

fruit. A camera was located directly above the strawberry and images were acquired.  

The nine mirror images were combined to reconstruct the 3D shape of the strawberry.  

Imou and coworkers successfully reconstructed the strawberry shape but their method 

has several limitations. The top portion (or stem area of the strawberry) was not 

imaged since the strawberry was placed stem down on the turntable. Also, the 

complexity of using numerous mirrors makes this setup less attractive—especially if 

it is desired to implement such a system on a commercial level. Implementing this 

procedure in a commercial environment would be problematic. 

Literature Summary 

Concern for the safety of fruit (both fresh and processed) is increasing in 

importance—especially with the growth of fresh-cut fruit products. While the 

industry currently inspects fruit based on quality characteristics, there is no 

commercially-available whole surface imaging system for defect or contamination 
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detection. Fruit with defects must be visually inspected and removed manually. An 

automated defect and contamination detection system could increase sorting speed 

(since human guessing would be eliminated) and reduce the chance for contaminated 

fruit remaining in processing (since human error would be removed). There are a 

number of proposed imaging techniques for fruit sorting; however, none have been 

able to provide whole surface imaging that is commercially viable. An automated 

whole surface imaging system can offer an economical method for sorting fruit for 

food quality and safety characteristics.   
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Chapter 3:  Research Goal & Objectives 
 

The ultimate goal of this project is to develop a non-invasive method for 

automated whole surface imaging of apples using mirrors and a single camera. Such a 

system would facilitate food quality and safety inspection that could help reduce the 

risk of foodborne illness associated with contaminated fruit. In order to achieve the 

goal, this project carried two specific objectives: 

 

Objective 1:   Investigate the effectiveness of various mirror types and configurations 

for whole surface imaging. 

Objective 2:   Optimize the imaging system when: 

a. Apple orientation can be selected. 

b. Apple orientation is random. 

 

 

 22 
 



 

Chapter 4: Materials and Methods 

 

Test Objects 

Initially, a life-size plastic apple was segmented into four colored equal areas. It 

was segmented to check that the entire apple surface was imaged. Another plastic 

apple was symmetrically divided with a line and two dots were placed on it as another 

method for checking that the entire surface was imaged. Later, real apples (Red 

Delicious) were tested. These are depicted in Figure 3 below. 

 a b c
 
Figure 3: Test objects: a) Plastic apple colored segmented, b) plastic apple with line and dots, c) 
Red Delicious apple. 

 

Imaging System Components 

The system consisted of different sets of flat (17.8 x 12.8 cm), parabolic 

rectangular (3x magnification, 20.2 x 12.7 cm) and parabolic circular (5x 

magnification, 13.0 cm diameter) mirrors, a monochrome video camera (EC650, 

Prosilica; 640 x 480 pixels, non-interlaced, 90 frames per second), a fixed-focal 

length lens (Schneider Xenoplan, 17 mm, f/1.4), a 3 megapixel digital camera, and 4-

gauge music wire. Two thin parallel wires (to allow for objects to be rolled along) 
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were four cm apart and supported 19 cm above a steel optical bench (with internally 

threaded holes for mounting). The video camera was positioned 140 cm above the 

music wires. All support structures were aluminum structural framing. Halogen 

lighting (four 150 watt bulbs) reflected off a curved white surface (bright white sheets 

of paper) above the apple provided illumination. The setup is shown in Figure 4. 

 

Figure 4:  Experimental imaging setup. In this case, two mirrors are used to capture images of 
an apple’s surface. The apple and reflected mirror images are captured from above using a 
monochrome video or color still camera. 

 

Capturing Images 

Mirrors were mounted at various positions, angles, and distances from the apple 

(which was suspended on the parallel wires). Positions and distances were empirically 

determined by adjusting the mirrors to optimize surface imaging. This test system 
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allowed the user to visualize images and make adjustments on-the-fly as necessary.  

Figure 5 shows the proposed research model. Videos were acquired for the apples 

using a Visual Basic 6 program, and then still images were created from the video 

images. The image acquisition interface is depicted in Figure 6. Images were cropped 

for display. For images with two mirrors the native pixel dimensions were 560 by 180. 

Cropped images were then transformed to 600 dpi.    

Figure 5.  Flow diagram for experimental plan.  

 

 

 Capture 
image, 
analyze 

Is 100% of 
the surface 
imaged? 

Place apple 
in desired 
location 

No

 Adjust mirror 
angle, height 

 Is the image 
free of  
distortions? 

No

Yes

Ye
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Figure 6.  Image acquisition interface written in Microsoft Visual Basic 6 software. 
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Chapter 5: Results and Discussion 

 

Image acquisition 

Images of reflected surfaces were analyzed in terms of two potential imaging 

conditions: acquisition of a single image and acquisition of multiple images as the 

apple rolled through the imaging area on the two wires. These two approaches are 

shown in Figure 7 below. 

In Figure 7a, a static method was given with a simple snapshot of the apple taken 

with two reflected images from two mirrors. In Figure 7b, an additional reflected 

image was added with an additional mirror. Figure 7c shows a dynamic model where 

initially a snapshot is taken of the apple and reflected images and additional images 

were captured as the apple rolled along the wires under the camera.  

.   
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a

b 

c

Figure 7.  Modes of image acquisition.  Circles with “R” indicate reflected images.  “R” circles sit 
above mirrors.  Dotted lines represent the imaging field.  In 6c, the horizontal bar represents a 
point on the apple as it rolls under the view of the camera. 
 

Flat Mirrors 

The apples were initially imaged using flat mirrors. Mirror angle and distance 

from the apple were examined. First, the angle and location of test mirrors were 

modified so that direct and reflected images were separated by a minimal distance in 

acquired images. For each mirror inclination, effects on distortion were noted. Using 

results of these empirical tests, sets of test conditions for more detailed study were 

selected. For the detailed tests, the inclination of the mirrors and the vertical and 

lateral angles for apple locations were set using a protractor. As needed, small pieces 

of tape were added to the wires to hold an apple in a selected position. Additional 
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mirrors were also used to determine optimal imaging of the apple. Images from 

imaging an apple with flat mirrors are shown in Figure 8. 

 

 

Figure 8. Images of an apple acquired with flat mirrors. 

There are two types of flat mirrors: first and second surface and they are shown in 

Figure 9.  

glass 
light 

1st surface 2nd surface 

light 
glass 

 

Figure 9. Diagrams for first and second surface flat mirrors. 

 

In first surface mirrors, reflective coating is on the outer surface and incoming 

light rays immediately reflect off this first surface. Second surface mirrors are more 

commonly used (due to decreased cost) and have the reflective coating on the inside 
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of the glass, or second surface. In this type of mirror, distortion can occur since the 

light ray must pass through the glass, reflect off the coating, and then exit through the 

glass. Flat mirrors do not provide magnification of the image. 

 

Concave Mirrors  

Certain types of concave mirrors show improvements over flat mirrors such as 

increased size and reduced image distortion. Table 4 lists various information 

regarding object and image locations and sizes for concave and convex mirrors.  

 

Table 4.  Images of objects from curved mirrors. 

Concave 
Object Image 

Location Type Location Orientation
Relative 

Size 
∞>Do>2F Real F<S<2F Inverted Reduced 

Do=2F Real Di=2F Inverted Same size 
F<S<2F Real ∞>Di>2F Inverted Magnified 

Do=F   ±∞     
Do<F Virtual │Di│>Do Erect Magnified 

     
Convex 

Object Image 

Location Type Location Orientation
Relative 

Size 

Anywhere Virtual
│Di│<│F│, 

Do>│Di│ Erect Reduced 

where F is the focal point, Do is the distance between object and 
mirror, Di is the distance between image and mirror.                        
From: Hecht, 1998 
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The distance to the object, Do, is less than the distance to the focus, F. The distance to 

the image, Di, is taller than the object (magnified) and erect. The mirror equation is 

given as: 

FDD io

111
=+       (1) 

where Di is the distance of the image to the mirror, Do is the distance of the object to 

the mirror, and F is the focal length of the mirror. 

Because the size of the convex imaged is reduced, convex mirrors were not 

studied. A larger image size (or magnification) is desired to increase image resolution. 

Magnification may be expressed as follows: 

o

i

o

i

S
S

H
H

M −==      (2) 

where Hi is the height of the image and Ho is the height of the object and Si is the 

distance of the image to the mirror and So is the distance of the object to the mirror 

(Hecht, 1999). 

 1

Back Front

IOFC

3 

2 

 
Figure 10.  Concave mirror ray and image diagram for when the object stands close to the front 
of a concave mirror where O is the object, F is the focus, I is the image, and C is the center of 
curvature. Redrawn from:  Serway & Beichner, 2000. 
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Figure 10 above shows a ray diagram for a concave mirror producing an upright, 

magnified virtual image. If the object, O, is placed to the left of C, an inverted, 

reduced real image is produced. If the object, O, is placed in front of a convex mirror, 

an erect, reduced virtual image results. A real image is one where light emanates from 

the image point, whereas in a virtual image, the light does not emanate from it (Tipler, 

1999). The virtual image appears to be behind the mirror. However, the eye makes no 

distinction between virtual and real images. 

One limitation of using mirrors includes distortion of the image, or a deforming of 

the image. There is some distortion seen with the common flat mirrors. Spherical 

concave mirrors also suffer from distortion, called spherical aberration (Hecht, 1998). 

The image appears blurred since light rays converge at different points. However, 

parabolic concave mirrors correct for spherical aberration by focusing parallel light 

rays to a single focal point (Serway & Beichner, 2000). Thus, parabolic mirrors show 

an improvement in light contrast over other mirrors due to a collimating effect—

namely that light rays are made parallel after the light has reflected off the mirror 

surface. In Figure 11, all the rays converge at a single point producing a real image 

with uniform distribution of light and no spherical aberration. 
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One focal point 

 

Figure 11.  Ray diagram for a concave parabolic mirror with showing no spherical aberration 
since all rays converge at one focus.  Redrawn from Hecht, 1998. 

 

Parabolic Concave Mirrors 

Data for parabolic mirrors demonstrated superiority over flat mirrors. Figures 12a 

and 12b show a comparison of images obtained from flat versus concave mirrors, 

respectively.   

 

a.       b. 
 

Figure 12.  Comparison of images from flat (a) versus concave (b) mirrors. 

 

The images from the flat mirrors in Figure 12a are smaller than the images 

produced using concave mirrors (with 3x magnification) in Figure 12b. Images from 

the parabolic mirrors are also clearer. For the best utilization of camera resolution, the 
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parabolic concave configuration was more efficient than the flat mirror configuration 

due to magnification of reflected images from the parabolic mirrors. This result was 

confirmed by calculations of the image areas that represented useful information 

(Table 5). For example, the reflected apple images in Figure 12 represent 12.9% a

17.0% of the image area for the case of flat or parabolic mirrors, respectively. To 

accomplish this analysis, image pixels were converted to black pixels with white 

backgrounds. Black pixel area was compared to the white background area (Figur

13) using a routine written in Microsoft Visual Basic 6. The imaging area was 

examined in terms of a normalized 640 by 480 pixel resolution, and the same 

horizontal resolution with the minimum vertical resolution necessary to captur

useful information.  

nd 

e 

e all 

  ba
Figure 13. Imaging area compariso ween fla  concave mirrors. In 13a, area s given for 
the apple image plus two reflected images from flat mirrors. In 13b, are hown for the apple 

able 5. Percentage of imaging area with useful information as a function of the number and 
of mirrors used. The image area is standardized to 640 by 480 pixels. 

All Apple Images

n bet t and  i
a is s

image plus two reflected images from concave mirrors (which are larger than in 13a). In both 
sets, the bottom left circle is the imaged apple silhouette while the two upper silhouettes are the 
reflected images. 
 

T
type 
  

Mirrors Resolution Reflected Images
Full CCD usage 
  

 (2) 640 x 480 17.0% 24.4% 
inimum necessary vertical CCD resolution  

43.4% 62.5% 

Flat (2) 640 x 480 12.9% 22.7% 
 Concave
M
 Flat (2) 640 x 236 27.9% 49.3% 
 Concave (2) 640 x 191 
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Mirror s configuration  

Figure 14 shows the two mirror inclinations of 25° and 40°. These inclinations 

ly and useful images were difficult to achieve with angles were selected empirical

much steeper than 40° or shallower than 25°.  

Figure 14. Mirror inclination diagram showing mirror positions at 25° and 40° from the 

40° 25° 

horiz

were 

not used because parabolic mirrors demonstrated better image resolution and less 

dist

ontal. 
 

Four conceptual mirror configurations are shown in Figure 15. Flat mirrors 

ortion. Also, only mirror configurations with an even number of mirrors were 

considered for two reasons: apples are bilaterally symmetric and the support wires 

effectively divide the imaging area into two bilaterally symmetric fields.  
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Figure 15. Schematic representations of using two, four, or six parabolic concave mirrors for 
image acquisition that show an apple supported by two wires surrounded by mirrors with 
reflected images of the apple. For the two mirror case, the effects of the apple rolling on the 
support wires is depicted to show that the visible portion of the apple changes over time.  
 
 

Data were analyzed by looking at sequences of images where one parameter was 

incremented. For presentation, the optimal and worst-case scenarios were selected. 

Worst-case was defined in terms of the difficulty of seeing inside the stem or calyx, 

or some area of the surface, in the set of images that equated to a single image using a 

particular mirror configuration. To allow visual assessment of the degree of a 

problem, the image with the problem area was depicted along with the surrounding 

incremented images. To facilitate localization of problem areas, lines were drawn on 

apples and round stickers were placed at critical locations.  

For the angled four-mirror configuration, the worst case positioning of the 

stem/calyx axis is laterally 0° or 90° relative to the support wires. Most, if not all, 

apples are expected to be oriented with the stem/calyx axis perpendicular to the 
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support wires. In addition, results will show that a 30° offset of the stem/calyx axis 

from the axis of paired-opposing mirrors can create problems for imaging inside the 

stem or calyx. The 30° angle is half the angle separating mirrors in the six-mirror 

configuration. A 45° offset for the angled four-mirror configuration would create 

even more of a problem. Since these two angles are the midpoints between mirrors in 

both configurations, they may be considered the most difficult scenarios to image and 

were chosen to test the any limitations of this imaging system. 

Detection of nanogram quantities feces on apples is more difficult when the feces 

are at the edge of an apple surface in an image (Lefcourt et al., 2003). Thus, the 

optimal imaging configuration would produce sufficient imaging perspectives so that 

100% of the surface could be analyzed without having to look near edges. Second, for 

safety inspection the goal is detection and not quantification. This goal allows 

consideration of configurations that cause shape distortions without requiring that the 

distortions be precisely mapped. Similarly, the existence of redundant information 

that might result from replicate sampling of some areas of the surface is not a 

problem. The only concern is that 100% of the surface is well represented.    

 

Oriented Apple Imaging 

Figure 16 depicts some perspectives that might be available for imaging an 

oriented apple using the two-mirror configuration.  
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Figure 16. Typical images that would be acquired using the two-mirror configuration for an 
oriented apple. Dots on apple sides are barely visible. In a) mirror inclination is 40° while in b) 
mirror inclination is 25°. 

a. b. 

 

The apple has large round stickers placed on the sides of the apples in the top and 

the bottom of theses images. These stickers are barely evident regardless of mirror 

inclination. Thus, while inclining the mirrors allows visualization of the bottom 

center of the apple, the areas with the stickers still do not appear in the acquired 

images and using just two mirrors is insufficient for imaging 100% of the surface.  

Two mirrors are inadequate to image whole surface in a single snapshot. 

The mirror under wires image depicts the additional information that would be 

available if the four-mirror configuration was used (shown in Figure 17b below). The 

bottom of the apple and the sticker are clearly visible. An equivalent image of the 

other side of the apple would be possible from an opposite mirror, allowing for the 

whole surface to be imaged. For the four-mirror angled configuration, the image from 

one of the two mirror pairs is given in Figure 18. The other mirror pair for the four-

mirror angled configuration would give equivalent imaging information (not shown). 
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a. b. 

 
 

Figure 17. Original two mirror images the image from an additional 
mirror under the wires in the 4-  opposing mirror under the 
wires would give equivalent informa own). 

  

onfiguration (angled). The other 
 (not shown). 

 are shown in 17a with 
mirror configuration in 17b.  The

tion but reversed (not sh
 

 

Figure 18. Images from one of the mirror pairs in the 4-mirror c
mirror pair would give equivalent information but reversed

 
 

The 60° images in Figure 19 (below) depict the additional information that would 

be available if a six-mirror configuration was used. The round stickers are clearly 

visible. While one edge the sticker for the 25° mirror inclination appears to be 

uncomfortably near the edge of the apple, the section of the sticker near the edge will 

be reversed in the -60° image (not depicted).  

 39 
 



 

 

Figure 19. Images from the mirror pairs 0° and 60° in the 6-mirror 0° 
mirror pair would give equivalent information to the 60° but re

 

0° 

-60° 

60° 

configuration. The other -6
versed (not shown). 

Thus, both the four and six-mirror configurations are adequate to allow 

visualization 100% of an oriented apple's surface, minus the minuscule area obscured 

by (mirrors)  the support wires. It should be noted that imaging using multiple angles 

reduces the already small interference of the support wires as only the points actually 

or nearly touching the apple are not imaged. 

 

Oriented vs. Non-oriented Apple Imaging 

Figures 20 and 21 depict the range of possible scenarios for imaging using the 

 

four-mirror configuration.  
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Figure 20. Non-oriented apple imaging, four-mirror configuration. Sequence of images using two 
mirrors at a higher (40°) angle of inclination along with perpendicular images from a mirror 
under the support wires. This represents the worst case scenario where the stem/calyx axis is 
laterally rotated 45° from the parallel support wires. The apple is rotated vertically from 0° to 
90° at 15° increments. 
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Figure 21. Non-oriented, perpendicular (upright) orientation apple imaging, four-mirror 
configuration. Sequence of images using two mirrors at a higher (40°) angle of inclination along 
with perpendicular images from a mirror under the support wires. The stem/calyx axis is 
laterally rotated 90° from the parallel support wires. The apple is rotated vertically from 0° to 
90° at 15° increments. 

 

There appears to be a small loss of information when the apple is laterally rotated 

45° at the lower horizontal rotations. There also maybe some loss of information 

when the apple is laterally rotated 90° and horizontally rotated 45°. In general, the 
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interior of the stem and calyx regions is less well represented than is the case for the 

six-mirror configuration (which will be shown).  

 

Figures 22 and 23 depict a range of possible scenarios for imaging using the six-

mirror configuration. One of the two most difficult imaging situations is when the 

apple is, or is approaching, upright (when the stem is most visible in the apple image). 

Under these conditions, the inside of the bottom stem or calyx is not completely 

rendered for the 40° mirror inclination. The other problem situation is when the apple 

is laterally rotated 30° and horizontally rotated 45°. In this case the problem is most 

evident with the 25° mirror inclination. Overall, the occurrence rate of imaging 

problems with randomly oriented apples should be low for both mirror inclinations 

and lowest for the 25° inclination since the latter provides better imaging of the 

bottom portion of the apple. 
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Figure 22. Non-oriented apple imaging, six-mirror configuration. Sequence of images using two 
mirrors at a higher (40°) and lower (25°) angle of inclination. The stem/calyx axis is 
perpendicular to the parallel support wires and the apple is rotated vertically from 0° to 90° at 
15° increments. Note that with the 25° inclination the inside of the calyx is visible when the apple 
is fully vertical, but the stem is not visible with the 40° inclination. 
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Figure 23. Non-oriented apple imaging, six-mirror configuration. Sequence of images using two 
mirrors at a higher (40°) and lower (25°) angle of inclination. The stem/calyx axis is laterally 
rotated 30° from the parallel support wires and the apple is rotated vertically from 0° to 90° at 
15° increments. Note that for the 25° inclination a small amount of data about the inside of the 
calyx is lost at 45°.  
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Imaging Rolling Apples 

There is an alternative to using a single image for detection. Multiple images could 

be acquired as the apple rolls through the imaging field as shown in Figure 24. This 

solution would not necessarily require additional images to be acquired, it would just 

be necessary to discern the location of an individual apple in a sequence of images 

given that the images might contain multiple apples. Imagining rate could be fixed or 

be a function of the location of apples on the track. However, multiple images per 

apple would be needed due to variable apple rotation rates and the randomness of 

presentation of the stem and calyx regions. One benefit of this imaging scheme is the 

elimination of the need for support wires. Apples could be imaged from above as the 

apples rolled down the orientation track. Figure 20 shows the information that might 

be acquired for an oriented apple using this imaging scheme. 

 

 
 
Figure 24. Information available using three sequential images as the apple rolls through the 
imaging area. The apple is in an oriented position. 
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Summary 

Both the four- and six-mirror configurations were adequate to allow visualization 

of 100% of an oriented apple's surface. For non-oriented apples, nearly whole surface 

imaging was also possible using either the four- or six-mirror configuration; however, 

there were several positions where visualizing inside the stem or calyx area was 

difficult to achieve. The two-mirror configuration with multiple images as the apple 

rolled provided 100% visualization of both oriented and non-oriented apples. This 

information is summarized in Table 6. 

 
 
Table 6. Summary of results from various mirror configurations. 
 Mirror 

configuration 
Whole 
surface 

Comments 

2 No Visualization of stem and calyx areas, but missing 
edge sections (see dot stickers on apple from 
Figure 24a) 

4 Yes Visualization of stem and calyx areas AND 
visualization of edge sections  O

rie
nt

ed
 

6 Yes Visualization of stem and calyx areas AND 
visualization of edge sections 

2 No Visualization of stem and calyx areas, but missing 
edge sections 

4 Essentially Visualization of stem and calyx areas for almost all 
orientations; for some can’t see 100% into 
stem/calyx 

N
on

-o
rie

nt
ed

 

6 Essentially Visualization of stem and calyx areas for almost all 
orientations; for some can’t see 100% into 
stem/calyx 

 2 (rolling) Yes Visualization of stem and calyx areas AND 
visualization of edge sections 

 

No one configuration is the best option. There are pros and cons for all 

configurations and types. In comparing single versus multiple imaging, single images 

have less information to process but only one image is available. Multiple imaging 
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has more images and data to process and initially it is the simplest to construct. For 

oriented apples, configurations using two, four (under wires and not angled) and six 

mirrors give the most direct view of the concave areas. A problem with the four-

mirror configuration is that two of the mirrors are under the support wires. Images 

from these mirrors could be obstructed if apples were close together as they rolled 

through the imaging area. The four-mirror, angled configuration requires more 

complex analysis to determine the orientation of the apple. Four-mirror 

configurations have less equipment but the six-mirror configuration provides more 

data.  

Considerations  

Comparison to Existing Imaging Solutions 

Currently, mirrors are not commonly used in commercial agricultural processing 

systems, primarily due to problems with dirt accumulation. Literature searches and 

online searches of commercial sorting systems failed to provide any evidence of use 

of parabolic concave mirrors in machine vision imaging system. The increased 

resolution and decreased distortion at the edges of images acquired using this type of 

mirror warrant consideration of their use.  

The imaging method demonstrated by Li et al. (2002), which uses a cup holder 

with a hole in the bottom along with a camera below the cup and a camera above for 

imaging, faces major problems. The entire fruit cannot be imaged due to obstruction 

by the cup and the processing speed of 3 to 4 apples per second (which is slower than 

commercial speeds of 10 apples per second). Furthermore, their camera below the cup 

 48 
 



 

is just as likely as a mirror to get dirty, and the use of more than one camera 

diminishes the desirability of this system due to increased cost and complexity. 

In addition, the system Li et al. (2002) propose assumes a vertical orientation of 

the apple’s stem and calyx axis. But their experimental setup does not address a 

feeding or sorting system to ensure such orientation. If the apple stem-calyx axis is 

oriented in the cup at an angle less than 90º to the normal, the calyx region may not 

be visible to the camera. The system proposed in this project with music wire, a 

camera, and mirrors would be the end of an orientation and whole surface imaging 

system shown in Figure 25 below. The apples would roll off the wooden track 

proposed by Narayanan et al. (2007) onto the horizontal music wires where apples 

subsequently would be imaged. 

 

 

Figure 25. Schematic representation of a potential commercial apple processing system. The 
apple will be oriented so that the stem and the calyx regions face the parabolic concave mirrors 
used for imaging. 
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Feasibility 

Fewer pieces of equipment simplify use and reduce maintenance costs. The two-

mirror configuration has the least amount of equipment but is not sufficient to image 

100% of the apple unless multiple images of a rolling apple are taken. The four-

mirror configuration is preferred over the six-mirror configuration since it uses fewer 

mirrors while achieving similar ranges in imaging. Additionally, the six-mirror 

configuration would require smaller mirrors to fit in this system. 

Economic feasibility must be considered with any imaging system design. Both 

initial and maintenance costs are important to industry. One camera and fewer mirrors 

help reduce cost and complexity. Camera and mirrors must also be protected from 

dust, dirt, apple bits, and water splash. A glass or plastic plate may be necessary to 

place between the imaging system and the apple conveyor to accomplish this.   

Furthermore, economic labor costs should also be assessed. While a machine 

vision inspection system for removing defects may have a high initial capital cost, 

over time it may be a cost effective operation by saving on labor costs—especially as 

the price of labor rises. Presently, there are many unskilled laborers available.  

However, if this labor supply decreases, apple processors may favor further process 

mechanization. 

 

Impact 

Whole surface imaging provides an improvement in current automated quality 

inspection systems while adding the capability to detect for defects and contamination 

(food safety inspection). It has the potential to help prevent foodborne illness 
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outbreaks associated with whole and fresh-cut apple produce by identifying fru

is more susceptible to harboring pathogenic microorganisms. Other industries have 

been affected by foodborne illness outbreaks (such as pathogenic E. coli) and the 

negative public perception that has been associated with those products: the 2006 

spinach outbreak cost California $74 million (AP, 2006) while last year’s beef reca

caused one of the country’s largest ground beef manufacturers to go out of business 

(Belson & Fahim, 2006). The proposed whole surface imaging system from this 

project provides a novel technology for commercial apple inspection that is 

inexpensive and commercially applicable.

it that 

ll 
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Chapter 6:  Conclusion

 

Acquiring images representative of 100% of the surface of apples is difficult due 

to the concave nature of the stem and calyx regions. To test if mirrors could be used 

to image 100% of the surface of apples, configurations of two, four, and six mirrors 

were tested. Results demonstrated that single images acquired using the four- or six-

mirror configurations, or a single image acquired using the two-mirror configuration 

along with multiple image acquisition as the apple rolled through the imaging field, 

could be used to image almost 100% of the surface of apples regardless of apple 

orientation. However, all configurations work best if the apples were oriented so that 

the stem region faced one mirror and the calyx region faced the opposing mirror. 

Parabolic concave mirrors with significant magnification improved image contrast 

and increased the resolution of acquired images compared to flat mirrors. These 

results suggest that consideration for using parabolic mirrors for commercial apple 

inspection is warranted.  

Integrating this imaging system into a fruit orientation system would create a 

complete automated system capable of providing both quality and food safety 

inspection. This novel approach using parabolic mirrors also offers an improvement 

upon existing commercial imaging systems by providing an economical method for 

whole surface imaging since it uses minimal equipment and can be added to existing 

conveyor sorting systems.   
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