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A SYSTEM FOR INSECT SURVEILLANCE AND TRACKING

REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent application 62/451,410,
filed Jan 27, 2017, which is hereby incorporated by reference for all purposes as if fully set

forth herein.

STATEMENT OF GOVERNMENTAL INTEREST

This invention was made with government support under grant no. AID-OAA-F-16-

00091 awarded by USAID. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Currently, mosquito survetilance efforts in Brazil, and other countries, are neither
timely nor dynanic. Most mosquito surveillance 1s accomplished by dividing an area mnto
zones and sending an experienced technician to each zone to collect mosquito larvae, set out
new adult mosquito traps and bring samples back to be 1dentified and counted in the lab.
Mosquito traps are tvpically only checked weekly and as a result, mosquito population
growth data are not immediately available and are time and human-resource intensive to
collect. Thus, current survetllance methods are costly in terms of human resources and time
and not easily scalable.

SUMMARY OF THE INVENTION

One embodiment of the present invention is a mosquito surveillance device comprising

one or more mosquito traps comprising a camera capable of taking images of mosquitos and
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transmitting the images electronically to a receiver. Suitable traps include an ovitrap, for
example. A suitable camera maybe a video recorder or a camera phone, for example. The
camera is preferable programmable. Methods of the present invention may transmit images
from inside or outside the trap to a receiver using low bandwidth cellular phone networks. A
suitable receiver used in the present invention may include a central server, a computer, a
laptop, or a cell phone, for example. The receiver is able or transmit the image, or data, to
one or more users. The methods of the present invention may include a step wherein the
images are processed and displayed using software forming mosquito data. For example, the
images may be analyzed and the number of live mosquitos identified, the number of dead
mosquitos identified, the species of mosquitos identified, or mapped vector densities in real
time identified preferably at high resolution. The mosquito data generated by the present
invention maybe viewed by one or more health systems or individuals. The software used in
the present invention comprises vision algorithms that is able to analyze the images and
correctly identity the species of mosquito and count mosquitoes based on the images. For
example, the software is able to distinguish species of mosquito found in the images such as

Culex species and Aedes/Anopheles, as examples.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates one embodiment of a mosquito surveillance system of the present
invention.

Figure 2 illustrates an ovitrap BG-GAT attracting gravid Aedes aegypti selectively.
The trap is widely used for vector surveillance. Our design incorporates a VectorEYES

imaging system that automatically captures an image of deceased mosquitos on the mesh
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periodically. Image quality and illumination is consistently sufficient for the computer vision
algorithms and for direct visual counting.

Figure 3A-3D illustrates computer vision process to count mosquitos. (A) Original
image of immobilized mosquitos on the mesh of BG-GAT. (B) Processed binary image. (C)
Background-subtracted processed image. (D) Total counts of mosquitos correctly identified
by the algorithm.

Figure 4A-4B illustrates the algorithm counts the number of mosquitos correctly and
identifies Culex with high sensitivity and specificity based on optical and morphological features. (A)
The total number of mosquitos from all petri dishes is accurately calculated (purple, n = 93). (B)
Preliminary result of Culex identification (green) shows that 31 Culex mosquitos out of 35 are
identified with a few false positives. In this image, the sensitivity and specificity of Culex
identification are 94% and 86%, respectively.

Figure 5 illustrates preliminary evidence shows that the algorithm is able to identify
individual mosquito heads (yellow boxes) in an overcrowding scenario.

Figure 6 illustrates VectorWEB preliminary prototype, generating a time varying
heatmap of mosquito densities using simulated data overlaid on longitude/ latitude pairs
within Recife. The data in each column, is reflected as changes on the heatmap immediately.
This heatmap, along will be available to health systems . Additionally, threshold based alerts

can be sent to individuals through mass SMS or Phone Apps.

DETAILED DESCRIPTION OF THE INVENTION

The present invention and embodiments such as VectorWEB will address the
challenges of mosquito surveillance and create a technology and tool that bringing vector

surveillance for Zika, and other mosquito borne diseases, info the 21st century. VeciorWEB
3
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is a novel low-cost, cloud connected system of smart ovitraps (devices that mimic the
preferred breeding site for container breeding mosquitoes such as 4. aegypti) that will
provide real-time mosquito surveillance data to health admimstrators, communities and
ndividuals. It consists of two paris:

VectorEYES, which are existing, evidence based, ovitraps with one simaple
modification: the addition of low-cost, reprogrammed, camera-phone technology, which
converts ovitraps into cloud comnected survedlance sensors that transmut images of inside the
frap to a central server using low bandwidth cellular phone networks so that mosquitoss can
be counted and dentified.

VectortEYES will be processed and displayed using a multi-tieved software ecosysten that
allows health systems and ndividuals to view mapped vector densities in real fime af a high
resolution. Additionally, media, conmmunities and individuals will be able to receive SMS or
app-based alerts of vector density and related risks to inform behavior, similar to how a
weather forecast can influence how one approaches their day. Figure | shows a schematic of
VectorWER. Our team has developed prelinunary protoitvpes and demonsirated technical
feasibility of all components of this system.

VectorWEB will significantly improve the capacity of health systems {o deploy and
access mosquito surveillance data. This svstem will require less human intervention, provide
real-time, accessible data and have lower operational costs as compared to current
surveiilance systems. It will also be rapidly developed and implemented using a “lean
startup,” iterative design methodology, in which the technological development will progress

in paraliel with public health implementation and business model validation. Information
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provided via VectorWEB, will allow public health professionals and commumities to: (1)
estimate the density of mosquitos in a given piace at a given time 1o target sohitions aimed at
preventing bites, (2) track the growth of mosquito populations throughout space and time to
visualize vector risk and encourage public compliance, and (3} use accurate vector and virus
data that are actionable to inform public health resource management and prevent future
outbreaks.

The VectorEYE/VectorWEBR system 1s user-friendly, so training of public health
surveillance agents, data managers and other end-users will be relatively linuted (we estimate
that 1t will require a one-day training followed by tmitial support visits). Mamienance will
require visits to clean the traps of mosquitoss (as is the current practice) as well as replace/
recharge batteries and conduct other routine checks. The frequency of such visits will be
prompted by individual trap status aleris via the VectorWEB dashboard. We estimate that
battery related maintenance will be required once every several weeks (or seldom, in case of
optional solar panel powered devices). Mosquito specimen collection will be required in case
of excessive overcrowding. Current BG-GAT (Biogents, Gravid Aedes Trap} iraps collect
18-25 mosquitoes weekly in field deplovment scenarios in moderate density areas; therefore
we estimate cleaning related maintenance 1o be needed once every few weeks {which could
e less or more depending on mosquito density). This would result in higher resolution and
real-time mosquito surveillance data with a substantial decrease in mainienance requirements
compared to current systems. The only other recurring requurements will be an ongoing
Internet contract with a cellular phone provider.

Once in place and funciioning, the VectorWEDB software will collate and analyze

information from hundreds of deploved VectorEYES mcluding number of new mosquitoes,
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device functional status and density of A. aegvpii. This information will be used to populate a
Google map with multiple viewing options. Health adnunistrators will see a high-resolution
“heatmap”™ of mosquito density and other modeled parameters such as outbreak risk.
Professionals will be able to zoom into block level or individual trap level and zoom out to
district and/or provincial level. The district level “trap manager™ will have an additional
dashboard that provides updates on trap conditions, including service needs or need to collect
maosquitoes from high-density traps.

VectorWEDB information will be fully accessible by individual citizens, media and
cormmunities via text alerts in cases of ligh-~density areas and via free apps (available to the
public for download) with access to the {ull Google map and datasets. These apps will also
mnclude targeted renunders of mosguito protective methods and prevention product
mformation. Individual behavior related 1o personal and environmental protection will be
driven via reminder health messages (relating to Zika awareness), risk updates and other
hehavior change platforms related to eradication efforts visible through VectorWER in real
time. The impact of building platforms for clustening neighborhood engagement i vector
control has been shown to be effective in Peru. Additionally, Geographic Information
Svstems {((FIS) has been used by other public health entities, such as the CDC, to publicize
geographic surveillance efforts and engage the media regarding diseases such as the flu
Ultimately, VectorWEB represents a significant step forward in surveillance technology: it
feads to real-time, publicly avatlable mosquito density information, which can be used for
multiple purposes.

At this time, conceptual prototypes of VectorEYES have been developed and installed

into a BG-GAT trap. We have proven that il 15 possible to take images inside of the trap of
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dead mosquitoes and upload them. Initial computer vision algorithms have been able o
correctly identify and count mosquitoes and differentiate between Culex species and
Aedes/Anopheles species. CBID has also sumilated mosquito denstty data in Recife, Brazil
and mapped this in Google fusion tables.

Surveillance is an essential piece of any epidemic response as it alfows for targeted
interventions, effective decision~-making related to resource allocation and outbreak modeling
(including creation of vector indices). With an estimated 2.2 billion people af risk,
VectorWEB addresses the need for convenient, scalable, sustainable and novel approaches
{with short pathways 1o production) to conduct surveillance of mosquito density, linuting the
spread of the Zika virus as well as other mosquito-bome illnesses associated with a heavy
burden of disease, such as Dengue, Yellow Fever, and Chikungunva. The VectorWEB system
will transform how current surveillance efforts are conducted and will fill a critical gap in
technology that thus far has prevented cost-effective and widespread mosquito density
surveillance. The inventors believe that a surveillance system such as VectorWEB would
allow health systems to leapfrog critical gaps in current methods. Eventually, VectorWEB
data may be combined with data on local suspected infections 1o betier understand the
infectious disease dynamics of Zika virus outbreaks.

The impact of surveiliance for mosquito-borne ilinesses has been proven in multiple
contexts. One study on West Nile Virus (WNV }-related mosauito surveiliance concluded
that standardized mosquiio surveillance provides strong predictive power to signal human
WINV infection up to several weeks in advance, is correlated with both temporal vaniation in
human WNVY cases at local scales and spatio-temporal variation at larger scales, and is a

crucial tool for public health officials. Further, with regards to Zika, dengue and
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chikungunva, the CDC concludes that larval indices may not correlate with adult mosquiio
abundance and developing useful thresholds of adult mosquitoes requires consistent effort {o
assure the surveillance indices and their association to human risk is comparable over time,
Additionally, behavior models explain that when individuals understand their visk, or see the
results of their actions i a timely way, they are more hikely {o adopt protective behaviors.
Thus, when real-time surveillance efforts drive public health epidemic response, time is
everything and more precise modeling can make a significant difference 10 both short- and
long-term responses and eventual outcomes. Ultimately, end users of VectorWERB will
strengthen and expand their current data collection and analysis processes as well as
significantly 1mprove their responses to and use of data through system-driven community
engagement and education programming.

Preliminary prototypes of the VectorEY E/VectorWEB have been developed to prove
the techrucal feasibility of all aspects of the concept. Additionally, each of the technically
novel components {such as computer vision aided mosquito identification) 1s heavily
supported by outside research and achievements. The ability of the BG-GAT 1o selectively
capture Aedes aegypti has been established by a number of papers and is well accepted by
experts. 1tis widely used and often found in field studies on mosquito density. However, the
shortcomings of the BG-GAT are also well established. The requirement of human experts {o
identify and count the mosquitoes captured is one of the largest challenges faced in vector
density surveillance. This is a fabor-intensive process that requires regular visits to the traps
to manually remove and count the mosquitoes. Fig 2 shows a preliminary prototype of
VectorEYES - a simple modification to the BG-GAT. It 1s possible to consistently obtain the

necessary quality of images of the mosquitoss for the purposes of counting using computer
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vision technigues. Computer vision is a well-estabiished technology that has grown to be
fairty ubtquitous in digital imaging. Facebook and other social media sites can identify faces
and offer to tag individuals in a photo. Many digital cameras will highlight the faces of
individuals as you focus and take photos. This technology has been extended from humans to
msects, and specifically to mosquiioss. The differentiation of various orchard pest species
using computers has been shown 1o be possible. One study showed that it is possible for
computer imaging to identily species, and i not species, genus, and that an increase m
images to train the program increases the accuracy of the prograra. Thus study included 16
genus and 76 species of mosquitoes, and using computer vision technigques was able to
accorophish a classification accuracy of 90%, 96%, and 91% for dedes, Culex and
Anoppheles, respectively, from within 19735 roosquiio specimens, thus proving wdentification
of mosquito species is possible using machine vision. Another studv demonstrated Ae.
aegypri specific identification.

Figures 3-5 show the steps that have been implemented in the VectorWEB prototvpe
computer vision algorithms. Fig 3 shows the internal steps of the algorithm in removing the
mesh background of the BG-GAT trap, and successfully counting the number of mosquitoes
m random onentations. Figure 4 illustrates an example of computer-vision based counting of
all mosquitoes (accuracy 100%), and differential counting of Culex mosquitoes (accuracy
91%) from an image that has Aedes, Anopheles, and Culex mosquitoes in the field of view. It
can be speculated that computer-vision techniques might not be robust in counting
mosguitoes in a scenario where there 1S overcrowding and overlap of mosquitoes in the field
of view. However, it is well known that current facial recognition algorithms (such as on

Facebook photos) can perform reasonably well in tagging individual faces within an image of
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acrowd. Fig. S shows a close up of a figld of view with significant overlapping of
mosguitoes; the algorithm was able to count total number of mosquiioes with a high degree
of accuracy. There would likely be a it (to the performance of the computer vision
algorithm}, at which the traps will need to be cleaned out. It should be noted that the images
being sent by mdividual VebiorEYES traps will be processed and analyzed on the cloud
server hosting VectorWEB; therefore a human expert will always be able {o view the raw
images themselves {with the computer vision tagging of the individual mosquitoes).
Therefore, the human expert {viewing the images on the dashboard) can double-check,
correct, or over-ride any count that 1s reported. As such, as long as the individual mosquitoes
are countable on the 1mage, the rate-limting factor will be the ability of 2 human to count the
number of mosquitoes. Most computer vision techruques will be able to reasonable
approximate this accuracy.

The team has also implemented a preliminary software prototype of the map-
based visualization of vector densities from multiple VectorEYES. Figure 6, shows the
current method of displaying the maps; using simulated mosquito counts assigned to unigue
geo-locations within Recife, the team is able to create and replay a time varying map of
mosquito densities using Google maps. Based on the density of dedes aegypi, the
VectorWEB technology will alert public health organizations and individuals through SMS
messages, emails or push notifications through freely downloadable apps. Alerts such as this
are common and used for severe weather alerts, UV index aleris, and pollution hazard alerts.

EXAMPLES
Example 1. Prototypes of the present invention using preselected CMOS sensor high-

resolution cameras, simalar in cost and size to the final product, will be mstalled in BG-GAT

10
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traps and pictures will be taken on a daily basis and uploaded to the cloud platform. Once on
the cloud platform, both human and computer algorithm identification of mosquitoes will be
used for algorithm improvement and the count data will be geocoded and mapped on the
VectorWEB system (o generate an interactive heatrmap.

Example 2. The inventors will place a large number of traps (likely 100-200) throughout
Recife, Brazil and integrate this system with the current surveillance svstem. Data from traps
will be mapped and shared with the public/Municipal government. Qualitative and
quantitative studies will be conducted within the surveillance, business and general
cormmunity.

The strength of VectorWeb not only lies in its ability to provide real-time, targeted
data on mosquito density, but also in the fact that w 15 low cost and can be rapidly scaled and
integrated into existing surveillance and commumnity education systems. Further, it has the
potential to result in community entreprencurship, cost-recovery mechanisms and continued
innovation.

The mventors will explore the use of an open-source model i developing
VectorwER that could “democratize” the surveillance technology and empower innovators,
entrepreneurs and govemnments to rapidly butld upon each other’s efforts. This mode! has lad
to transformative innovation and expansion i other products such as the open source
Android operating system by Google that has allowed large companies like Samsung as well
as small local companies like Micromax to modify, use and improve the platform for all.
VectorWEB technology will be sustained as a result of its low cost, improved data collection
and quality, resulting in decreased workforce demands, cost-recovery, and enirepreneurship

models and continued imnovation.

11
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All references, including publications, patent applications, and patents, cited herein
are hereby incorporated by reference to the same extent as if each reference were individually
and specifically indicated to be incorporated by reference and were set forth in its entirety
herein.

The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as™) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention unless otherwise
claimed. No language in the specification should be construed as indicating any non-claimed
element as essential to the practice of the invention.

Preferred embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred

embodiments may become apparent to those of ordinary skill in the art upon reading the

foregoing description. The inventors expect skilled artisans to employ such variations as

12
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appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.

13
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Claims:
1. A mosquito surveillance device comprising:
one or more mosquito traps comprising a camera capable of taking images of

mosquitos and transmitting the images electronically to a receiver.

2. The method of claim 1 wherein the trap is an ovitrap.

3. The method of claim 1 wherein the camera is a camera phone that is
programmable.

4. The method of claim 1 transmitting the images inside the trap to a receiver using
low bandwidth cellular phone networks.

5 The method of claim 4 wherein the receiver is a central server that is able to
transmit the image to one or more users.

6. The method of claim 1 wherein the images are analyzed and the number of
mosquitos are identified.

7. The method of claim 1 wherein one or more species of the mosquitos are
identified.

8. The method of claim 1 wherein the images are processed and displayed using
software forming mosquito data.

9. The method of claim 8 wherein the mosquito data is mapped vector densities in
real time at high resolution.

10. The method of claim 8 wherein the mosquito data is viewed by health systems or
individuals.

11. The method of claim 1, wherein the images comprising dead mosquitos.

12. The method of claim 8 wherein the software comprises vision algorithms.

14
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13. The method of claim 12 wherein the vision algorithms identities one or more

species of the mosquitos.

14. The method of claim 12 wherein the vision algorithms count the number of

mosquitoes.

15. The method of claim 14 wherein the species of mosquito consist of Culex species

and Aedes/Anopheles.

15
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FIGURE 2

Fig 2. The ovitrap BG-GAT attracts gravid Aedes aegypti selectively. The trap is
widely used for vector surveillance. Our design incorporates a VectorEYES
imaging system that automatically captures an image of deceased mosquitos on
the mesh periodically. Image quality and illumination is consistently sufficient for
the computer vision algorithms and for direct visual counting.
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FIGURE 3

Figure 3. (A-D) Computer vision process to count mosquitos. (A) Original image of
immobilized mosquitos on the mesh of BG-GAT. (B) Processed binary image. (C)
Background-subtracted processed image. (D) Total counts of mosquitos correctly
identified by the algorithm.
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FIGURE 4

Figure 4. The algorithm counts the number of mosquitos correctly and identifies Culex with high sensitivity and specificity based
on optical and morphological features. (A) The total number of mosquitos from all petri dishes is accurately calculated (purple,
n = 93). (B) Preliminary result of Culex identification (green) shows that 31 Culex mosquitos out of 35 are identified with a few
false positives. In this image, the sensitivity and specificity of Culex identification are 94% and 86%, respectively.
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