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Comments to the Author(s) 
Reducing transmission of mosquito-borne illness requires simple and robust methods to quantify 
behavior in natural settings. An example is measuring flight trajectories around a bednet 
covering an individual, but current tracking methods suffer from non-uniform illumination, 
which complicates automated tracking due to changing background light levels. Here the authors 
introduce a method for providing much more uniform illumination via a retro-reflective lens 
behind the bednet. This substantially improves tracking, in particular enabling longer continuous 
detection of flight trajectories, which could benefit quantitative behavioral analysis. 
 
This work provides a useful methodological advance in collecting insect flight data and could 
improve robustness of data collection and analysis in conditions outside the laboratory. The 
technical language is precise, which will enable others to easily reproduce the setup.  
 
The major addition that would improve the scientific value of the paper would be a 
demonstration of the method to yield a novel scientific finding. One idea would be to expand on 
the “attractiveness” question exemplified in Figure 9. What makes one person more attractive to 
mosquitoes than another is important to understand, and it would be interesting to see 
quantitatively how the retro-reflective screen method improves one’s ability to assess differences 
in attractiveness. It would also be interesting to use this method, along with more detailed 
behavioral analysis, to quantify distributions of mosquito behaviors and see how they changed in 
different conditions. E.g. which behaviors do mosquitoes engage in more frequently when in the 
presence of an attractive host? Or which behavioral patterns differentiated disease-carrying vs 
non-disease-carrying mosquitoes? 
 
Minor notes/questions: 
 
1. The technical writing was precise but a bit verbose. E.g. “Large field of view back lit imaging 
systems have been reported with two parallel imaging channels to give a measurement volume of 
2 x 2 x 1.4 m in total with large aperture Fresnel lenses enabling collimated illumination and 
telecentric imaging” is a difficult first sentence of a paragraph to parse. It could improve the 
manuscript to put more emphasis up front on the core advance of using a retro-reflective screen 
to create more uniformly distributed light and allocate details to the methods section or an 
appendix. 
 
2. On P2 L35, it’s stated that mosquito images are occluded when the mosquito is in front of the 
bednet. I don’t understand why occlusion would occur if the bednet is behind the mosquito. 
 
3. On P3 L24, the phrase “per camera” is used, suggesting there are multiple cameras in this 
setup. However, it was my understanding that there is only one camera involved when the retro-
reflective screen method is used. 
 
4. Would the illumination level used in this method be expected to affect mosquito behavior at 
all? Or is it far enough in the IR spectrum as not interfere? 
 
5. The authors mention that a detection threshold must be set manually (P6 L48). Would this need 
to be done repeatedly as ambient light levels change throughout the night? 
 
6. If possible, it would be useful to compare the RRS system to standard backlit systems across 
light levels. For example, can a backlit system be just as good as an RRS system when there is 
more light? Or do e.g. saturation effects preclude this? 
 
7. It would be useful to say a bit more about whether the tracking algorithm loses the mosquito 
when it lands for a few seconds. I imagine this algorithm would indeed lose the mosquito, since it 
operates on frame-to-frame differences. 
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8. Is it possible at all to track the mosquito in the darkest region of the scene (i.e. in front of the 
volunteer)? 
 
9. I understand the practicality of having simple tracking algorithms for deployment in the field, 
but it would be good nonetheless to provide more comparison of this algorithm to state-of-the-art 
algorithms used in other insect flight-tracking studies. For example, see Straw, Andrew D., et al. 
"Multi-camera real-time three-dimensional tracking of multiple flying animals." Journal of The 
Royal Society Interface 8.56 (2010): 395-409. 
 
 
 

Review form: Reviewer 2 
 
Is the manuscript scientifically sound in its present form? 
Yes 
 
Are the interpretations and conclusions justified by the results? 
Yes 
 
Is the language acceptable? 
Yes 
 
Do you have any ethical concerns with this paper? 
No 
 
Have you any concerns about statistical analyses in this paper? 
No 
 
Recommendation? 
Accept with minor revision (please list in comments) 
 
Comments to the Author(s) 
This is a revised version of the original paper. I have the following concerns : 
 
- Major point : I do not see clearly the difference between the RRS system and the backlit one. 
Authors must provide a figure (like figure 1) which shows clearly the two setup. 
 
Minor points: 
- model of the fresnel lens also suppler must be indicated 
- were telecentric objectives used for the camera ? It is not clear. If so, please indicate the model 
and the optical parameter of the objectives used in this study. 
- how big was the surface covered by the tape of 3M material ? Please indicate the cost ?  
- authors must provide the code used for the image processing. The code must be made available 
on a GitHub for example. 
- the attached video must be provided with explanations (comments). 
 
 
 

Review form: Reviewer 3 
 
Is the manuscript scientifically sound in its present form? 
Yes 
 
Are the interpretations and conclusions justified by the results? 
Yes 
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Is the language acceptable? 
Yes 
 
Do you have any ethical concerns with this paper? 
No 
 
Have you any concerns about statistical analyses in this paper? 
No 
 
Recommendation? 
Accept with minor revision (please list in comments) 
 
Comments to the Author(s) 
The authors provide details of an improved technique to track free-flying nocturnal mosquitoes 
around bed nets in 2D. Although a highly specific, context dependent, research set-up, the 
technique is useful to answer fundamental questions about mosquito behavior around bed nets 
or can be used for some other vector arthropods. The manuscript is well written. 
 
The manuscript is an ‘improved-methods’ paper, mainly by adding a retro-reflective screen to 
improve illumination conditions. Figure 9 in particular is an exemplar image of how the RRS 
system can be implemented, however it does not provide the analysed data. The authors focus on 
the relevant 2D data they obtained earlier, using a previous version of the system, but seem to 
ignore other research/techniques in the lab or semi-field where mosquitoes where successfully 
tracked under challenging conditions and where flight paths were reconstructed in 3D. 
The introduction (p4) and proposed methods focuses on back-lit tracking and offline acquisition. 
There are good reasons for choosing this method, but the authors could highlight, or discuss, that 
other illumination methods are possible too and that online tracking would tackle their challenge 
with processing large data files and data handling.  
I concur with many of the original comments made by reviewer #1. I understand from the 
authors’ reply that the improved method (adding RRS) was already implemented during the 
studies of the recently published ref.4. This would indeed be an argument to have the updated, 
detailed methods, included within that paper, rather than publishing a separate methods paper.  
 
Additional minor comments/suggestions: 
- p3, line 25: most? There are many more mosquito- behavioural activities to quantify I can think 
of 
- Reference #4 is published now right? (remove accepted, complete reference) 
- p5, line 23: tracking .. 
- p10, line 38: spelling coluzzii (no capital, double i) 
 
 
 

Decision letter (RSOS-191951.R0) 
 
17-Jan-2020 
 
Dear Dr Voloshin, 
 
The editors assigned to your paper ("Diffuse retro-reflective imaging for improved video tracking 
of mosquitoes at human baited bednets") have now received comments from reviewers.  We 
would like you to revise your paper in accordance with the referee and Associate Editor 
suggestions which can be found below (not including confidential reports to the Editor). Please 
note this decision does not guarantee eventual acceptance. 
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Please submit a copy of your revised paper before 09-Feb-2020. Please note that the revision 
deadline will expire at 00.00am on this date. If we do not hear from you within this time then it 
will be assumed that the paper has been withdrawn. In exceptional circumstances, extensions 
may be possible if agreed with the Editorial Office in advance. We do not allow multiple rounds 
of revision so we urge you to make every effort to fully address all of the comments at this stage.  
If deemed necessary by the Editors, your manuscript will be sent back to one or more of the 
original reviewers for assessment. If the original reviewers are not available, we may invite new 
reviewers. 
 
To revise your manuscript, log into http://mc.manuscriptcentral.com/rsos and enter your 
Author Centre, where you will find your manuscript title listed under "Manuscripts with 
Decisions." Under "Actions," click on "Create a Revision." Your manuscript number has been 
appended to denote a revision. Revise your manuscript and upload a new version through your 
Author Centre. 
 
When submitting your revised manuscript, you must respond to the comments made by the 
referees and upload a file "Response to Referees" in "Section 6 - File Upload". Please use this to 
document how you have responded to the comments, and the adjustments you have made. In 
order to expedite the processing of the revised manuscript, please be as specific as possible in 
your response. 
 
In addition to addressing all of the reviewers' and editor's comments please also ensure that your 
revised manuscript contains the following sections as appropriate before the reference list: 
 
• Ethics statement (if applicable) 
If your study uses humans or animals please include details of the ethical approval received, 
including the name of the committee that granted approval. For human studies please also detail 
whether informed consent was obtained. For field studies on animals please include details of all 
permissions, licences and/or approvals granted to carry out the fieldwork. 
 
• Data accessibility 
It is a condition of publication that all supporting data are made available either as 
supplementary information or preferably in a suitable permanent repository. The data 
accessibility section should state where the article's supporting data can be accessed. This section 
should also include details, where possible of where to access other relevant research materials 
such as statistical tools, protocols, software etc can be accessed. If the data have been deposited in 
an external repository this section should list the database, accession number and link to the DOI 
for all data from the article that have been made publicly available. Data sets that have been 
deposited in an external repository and have a DOI should also be appropriately cited in the 
manuscript and included in the reference list. 
 
If you wish to submit your supporting data or code to Dryad (http://datadryad.org/), or modify 
your current submission to dryad, please use the following link: 
http://datadryad.org/submit?journalID=RSOS&manu=RSOS-191951 
 
• Competing interests 
Please declare any financial or non-financial competing interests, or state that you have no 
competing interests. 
 
• Authors’ contributions 
All submissions, other than those with a single author, must include an Authors’ Contributions 
section which individually lists the specific contribution of each author. The list of Authors 
should meet all of the following criteria; 1) substantial contributions to conception and design, or 
acquisition of data, or analysis and interpretation of data; 2) drafting the article or revising it 
critically for important intellectual content; and 3) final approval of the version to be published. 
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All contributors who do not meet all of these criteria should be included in the 
acknowledgements. 
 
We suggest the following format: 
AB carried out the molecular lab work, participated in data analysis, carried out sequence 
alignments, participated in the design of the study and drafted the manuscript; CD carried out 
the statistical analyses; EF collected field data; GH conceived of the study, designed the study, 
coordinated the study and helped draft the manuscript. All authors gave final approval for 
publication. 
 
• Acknowledgements 
Please acknowledge anyone who contributed to the study but did not meet the authorship 
criteria. 
 
• Funding statement 
Please list the source of funding for each author. 
 
Once again, thank you for submitting your manuscript to Royal Society Open Science and I look 
forward to receiving your revision. If you have any questions at all, please do not hesitate to get 
in touch. 
 
Kind regards, 
Andrew Dunn 
Royal Society Open Science Editorial Office 
Royal Society Open Science 
openscience@royalsociety.org 
 
on behalf of Prof R. Kerry Rowe (Subject Editor) 
openscience@royalsociety.org 
 
Associate Editor's comments: 
We have now received 3 reviewer reports on your manuscript. This paper was previously 
reviewed at Interface, but unfortunately neither of the two original Interface referees were 
available to comment on the revisions made in the transferred paper. Owing to the concerns 
raised by Referee 1 (and the additional comments outlined by Reviewers 2 and 3), we ask that 
you please carefully revise your manuscript. We appreciate that this may take some time, so 
please just let us know if you require additional time to revise your manuscript. In your revised 
submission, please supply a clean copy of your paper as well as a tracked edits; highlighting the 
revisions you have made. Thanks for your submission to RSOS, and we look forward to your 
revision.  
 
 
Comments to Author: 
 
Reviewers' Comments to Author: 
Reviewer: 1 
 
Comments to the Author(s) 
Reducing transmission of mosquito-borne illness requires simple and robust methods to quantify 
behavior in natural settings. An example is measuring flight trajectories around a bednet 
covering an individual, but current tracking methods suffer from non-uniform illumination, 
which complicates automated tracking due to changing background light levels. Here the authors 
introduce a method for providing much more uniform illumination via a retro-reflective lens 
behind the bednet. This substantially improves tracking, in particular enabling longer continuous 
detection of flight trajectories, which could benefit quantitative behavioral analysis. 
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This work provides a useful methodological advance in collecting insect flight data and could 
improve robustness of data collection and analysis in conditions outside the laboratory. The 
technical language is precise, which will enable others to easily reproduce the setup.  
 
The major addition that would improve the scientific value of the paper would be a 
demonstration of the method to yield a novel scientific finding. One idea would be to expand on 
the “attractiveness” question exemplified in Figure 9. What makes one person more attractive to 
mosquitoes than another is important to understand, and it would be interesting to see 
quantitatively how the retro-reflective screen method improves one’s ability to assess differences 
in attractiveness. It would also be interesting to use this method, along with more detailed 
behavioral analysis, to quantify distributions of mosquito behaviors and see how they changed in 
different conditions. E.g. which behaviors do mosquitoes engage in more frequently when in the 
presence of an attractive host? Or which behavioral patterns differentiated disease-carrying vs 
non-disease-carrying mosquitoes? 
 
Minor notes/questions: 
 
1. The technical writing was precise but a bit verbose. E.g. “Large field of view back lit imaging 
systems have been reported with two parallel imaging channels to give a measurement volume of 
2 x 2 x 1.4 m in total with large aperture Fresnel lenses enabling collimated illumination and 
telecentric imaging” is a difficult first sentence of a paragraph to parse. It could improve the 
manuscript to put more emphasis up front on the core advance of using a retro-reflective screen 
to create more uniformly distributed light and allocate details to the methods section or an 
appendix. 
 
2. On P2 L35, it’s stated that mosquito images are occluded when the mosquito is in front of the 
bednet. I don’t understand why occlusion would occur if the bednet is behind the mosquito. 
 
3. On P3 L24, the phrase “per camera” is used, suggesting there are multiple cameras in this 
setup. However, it was my understanding that there is only one camera involved when the retro-
reflective screen method is used. 
 
4. Would the illumination level used in this method be expected to affect mosquito behavior at 
all? Or is it far enough in the IR spectrum as not interfere? 
 
5. The authors mention that a detection threshold must be set manually (P6 L48). Would this need 
to be done repeatedly as ambient light levels change throughout the night? 
 
6. If possible, it would be useful to compare the RRS system to standard backlit systems across 
light levels. For example, can a backlit system be just as good as an RRS system when there is 
more light? Or do e.g. saturation effects preclude this? 
 
7. It would be useful to say a bit more about whether the tracking algorithm loses the mosquito 
when it lands for a few seconds. I imagine this algorithm would indeed lose the mosquito, since it 
operates on frame-to-frame differences. 
 
8. Is it possible at all to track the mosquito in the darkest region of the scene (i.e. in front of the 
volunteer)? 
 
9. I understand the practicality of having simple tracking algorithms for deployment in the field, 
but it would be good nonetheless to provide more comparison of this algorithm to state-of-the-art 
algorithms used in other insect flight-tracking studies. For example, see Straw, Andrew D., et al. 
"Multi-camera real-time three-dimensional tracking of multiple flying animals." Journal of The 
Royal Society Interface 8.56 (2010): 395-409. 
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Reviewer: 2 
 
Comments to the Author(s) 
This is a revised version of the original paper. I have the following concerns : 
 
- Major point : I do not see clearly the difference between the RRS system and the backlit one. 
Authors must provide a figure (like figure 1) which shows clearly the two setup. 
 
Minor points: 
- model of the fresnel lens also suppler must be indicated 
- were telecentric objectives used for the camera ? It is not clear. If so, please indicate the model 
and the optical parameter of the objectives used in this study. 
- how big was the surface covered by the tape of 3M material ? Please indicate the cost ?  
- authors must provide the code used for the image processing. The code must be made available 
on a GitHub for example. 
- the attached video must be provided with explanations (comments). 
 
 
Reviewer: 3 
 
Comments to the Author(s) 
The authors provide details of an improved technique to track free-flying nocturnal mosquitoes 
around bed nets in 2D. Although a highly specific, context dependent, research set-up, the 
technique is useful to answer fundamental questions about mosquito behavior around bed nets 
or can be used for some other vector arthropods. The manuscript is well written. 
 
The manuscript is an ‘improved-methods’ paper, mainly by adding a retro-reflective screen to 
improve illumination conditions. Figure 9 in particular is an exemplar image of how the RRS 
system can be implemented, however it does not provide the analysed data. The authors focus on 
the relevant 2D data they obtained earlier, using a previous version of the system, but seem to 
ignore other research/techniques in the lab or semi-field where mosquitoes where successfully 
tracked under challenging conditions and where flight paths were reconstructed in 3D. 
The introduction (p4) and proposed methods focuses on back-lit tracking and offline acquisition. 
There are good reasons for choosing this method, but the authors could highlight, or discuss, that 
other illumination methods are possible too and that online tracking would tackle their challenge 
with processing large data files and data handling.  
I concur with many of the original comments made by reviewer #1. I understand from the 
authors’ reply that the improved method (adding RRS) was already implemented during the 
studies of the recently published ref.4. This would indeed be an argument to have the updated, 
detailed methods, included within that paper, rather than publishing a separate methods paper.  
 
Additional minor comments/suggestions: 
- p3, line 25: most? There are many more mosquito- behavioural activities to quantify I can think 
of 
- Reference #4 is published now right? (remove accepted, complete reference) 
- p5, line 23: tracking .. 
- p10, line 38: spelling coluzzii (no capital, double i) 
 
 
 
 

Author's Response to Decision Letter for (RSOS-191951.R0) 
 
See Appendix A. 
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RSOS-191951.R1 (Revision) 
 
Review form: Reviewer 1 
 
Is the manuscript scientifically sound in its present form? 
Yes 
 
Are the interpretations and conclusions justified by the results? 
Yes 
 
Is the language acceptable? 
Yes 
 
Do you have any ethical concerns with this paper? 
No 
 
Have you any concerns about statistical analyses in this paper? 
No 
 
Recommendation? 
Reject 
 
Comments to the Author(s) 
Thank you for your responses to the reviewer comments. They have helped clarify and 
contextualize the work, and the work appears technically sound. Unfortunately, while I agree 
that the new RRS system represents a useful technique for improving mosquito flight tracking in 
field conditions, since the authors don't provide a strong new scientific result arising from their 
methodology, I don't believe this is an appropriate venue for publication. I think it would make 
more sense to publish this as part of the methods section for the ongoing experimental work the 
authors mentioned in their response. 
 
 
 

Decision letter (RSOS-191951.R1) 
 
06-Apr-2020 
 
Dear Dr Voloshin, 
 
It is a pleasure to accept your manuscript entitled "Diffuse retro-reflective imaging for improved 
video tracking of mosquitoes at human baited bednets" in its current form for publication in 
Royal Society Open Science.  The comments of the reviewer(s) who reviewed your manuscript 
are included at the foot of this letter. 
 
Please ensure that you send to the editorial office an editable version of your accepted 
manuscript, and individual files for each figure and table included in your manuscript. You can 
send these in a zip folder if more convenient. Failure to provide these files may delay the 
processing of your proof. You may disregard this request if you have already provided these files 
to the editorial office. 
 
You can expect to receive a proof of your article in the near future. Please contact the editorial 
office (openscience_proofs@royalsociety.org) and the production office 
(openscience@royalsociety.org) to let us know if you are likely to be away from e-mail contact -- if 
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you are going to be away, please nominate a co-author (if available) to manage the proofing 
process, and ensure they are copied into your email to the journal. 
 
Due to rapid publication and an extremely tight schedule, if comments are not received, your 
paper may experience a delay in publication. 
 
Please see the Royal Society Publishing guidance on how you may share your accepted author 
manuscript at https://royalsociety.org/journals/ethics-policies/media-embargo/. 
 
Thank you for your fine contribution.  On behalf of the Editors of Royal Society Open Science, we 
look forward to your continued contributions to the Journal. 
 
Kind regards, 
 
Lianne Parkhouse 
Royal Society Open Science 
openscience@royalsociety.org 
 
on behalf of the Associate Editor, and Professor R. Kerry Rowe (Subject Editor) 
openscience@royalsociety.org 
 
 
Associate Editor Comments to Author: 
 
The Editors have been presented with a tricky decision: on the one hand, the most critical 
reviewer from the first round of review recommends rejection, and on the other, they note that 
the work is technically sound. Given that Royal Society Open Science avoids making decisions on 
impact or importance (unless a manuscript is trivial), we have made the decision to accept the 
paper for the following reasons: 
 
1. As above, the journal makes decisions to publish on the grounds that a paper must be 
technically sound - impact/importance is not routinely considered. The reviewer here notes your 
paper is technically sound. 
 
2. The reviewer also notes that you responded effectively to their criticisms. This is important, 
and without your engagement in the process it would not have provide important context for a 
reader. 
 
3. As the reviewers in the prior iteration were broadly in favour of publication, it would not 
appear to be equitable for the paper to be rejected at this stage. 
 
That said, we would recommend that you take onboard the reviewer's feedback regarding the 
structuring of the work: it would, in general, be better to prepare one, more complete paper, than 
find yourself in the situation of preparing several papers that only tell part of the broader story 
you are aiming to deliver. Nevertheless, thanks for your support of Royal Society Open Science.  
 
 
Reviewer comments to Author: 
 
Reviewer: 1 
Comments to the Author(s) 
 
Thank you for your responses to the reviewer comments. They have helped clarify and 
contextualize the work, and the work appears technically sound. Unfortunately, while I agree 
that the new RRS system represents a useful technique for improving mosquito flight tracking in 
field conditions, since the authors don't provide a strong new scientific result arising from their 
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methodology, I don't believe this is an appropriate venue for publication. I think it would make 
more sense to publish this as part of the methods section for the ongoing experimental work the 
authors mentioned in their response. 
 
Follow Royal Society Publishing on Twitter: @RSocPublishing 
Follow Royal Society Publishing on Facebook: 
https://www.facebook.com/RoyalSocietyPublishing.FanPage/ 
Read Royal Society Publishing's blog: https://blogs.royalsociety.org/publishing/ 
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Robust imaging techniques for tracking insects have
been essential tools in numerous laboratory and field
studies on pests, beneficial insects and model systems.
Recent innovations in optical imaging systems and
associated signal processing have enabled detailed
characterisation of nocturnal mosquito behaviour
around bednets and improvements in bednet design,
a global essential for protecting populations against
malaria. Nonetheless, there remain challenges around
ease of use for large scale in situ recordings and
extracting data reliably in the critical areas of the
bednet where the optical signal is attenuated. Here
we introduce a retro-reflective screen at the back of
the measurement volume, which can simultaneously
provide diffuse illumination, and remove optical
alignment issues whilst requiring only one-sided
access to the measurement space. The illumination
becomes significantly more uniform, although, noise
removal algorithms are needed to reduce the effects
of shot noise particularly across low intensity bednet
regions. By systematically introducing mosquitoes
in front and behind the bednet in lab experiments
we are able to demonstrate robust tracking in these
challenging areas. Overall, the retro-reflective imaging
setup delivers mosquito segmentation rates in excess
of 90% compared to less than 70% with back-lit
systems.

c© 2014 The Authors. Published by the Royal Society under the terms of the

Creative Commons Attribution License http://creativecommons.org/licenses/

by/4.0/, which permits unrestricted use, provided the original author and

source are credited.
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1. Introduction
Many arthropod vectors of human infections are highly adapted to the human home and in many
regions worldwide, transmission of malaria, leishmaniasis, Chagas disease, lymphatic filariasis
and tick-borne relapsing fever occurs when the vectors take blood from sleeping humans. Bednets
treated with insecticide can be very effective in preventing transmission of these infections and
in Africa, the factory-treated durable type of nets referred to as long-lasting insecticidal nets
(LLINs), are the most effective method available and an essential element of malaria control and
elimination strategies today. Increased understanding of vector behaviour at LLINs, including
how different LLIN treatments affect mosquito flight around and contact with the net surface is
essential for understanding LLIN modes of action [1, 2] and raises the prospect of developing
more effective interventions to reduce disease transmission [3, 4].

Optical imaging techniques have been used for decades in entomological studies in diverse
settings in the laboratory and field, and recently a tracking system was used to characterise in
detail how Anopheles gambiae mosquitoes, the vectors of human malaria in sub-Saharan Africa,
interact with human-occupied bednet [1, 2, 5]. Offering high spatial and temporal resolution,
optical imaging has clear advantages for quantifying vector behaviour [6, 7], but their application
in typical sub-Saharan Africa dwellings present particular challenges. In order to In Africa,
insecticidal bednets are by far the most effective intervention available for malaria control and
the most widespread method used to prevent its transmission [8–10]. Sustaining the required
high level of efficacy against increasingly insecticide resistant vector populations requires novel
insecticide treatments on bednets, and vector biologists need to understand better how hungry
host-seeking mosquitoes are affected byinteract with different treatmentsthe bednet, or how
net alterations (physical as well as chemical) might improve net performance,affect efficacy.
entomologists are mostTo investigate this, they are particularly interested in visualizing activity
around the sleeping spacehuman body, the bednet suspended above it and the regions around
this in order to examine details of approach, attack and departure [11, 12]. Hence, the inspected
volume ideally needs to be 2 x 2.5 x 1.5 m (depth x width x height), which generously encompasses
the space around a typical installed bednet. To avoid rapidly varying spatial resolution between
the front and back of the measurement volume, telecentric approaches are desirable for both
illumination and imaging and given the space constraints in sub-Saharan dwellings this leads
to typically 0.5 Numerical Aperture (NA) optical systems. The bednet itself is a regular grid of
polyester or polyethylene fibre (typically 75-180 denier, mesh size of 24-32 holes / cm2) that can
easily occlude the images of a slender unfed Anopheles gambiae female (body length and thickness
typically less than 10mm and 3mm, respectively) [13, 14].that occludes the mosquito images –
particularly as multiple layers of netting are often used. The mesh size in the bednet is typically
smaller than the mosquito, Anopheles gambiae are 2.5 – 3.5 mm in wing length, hHence the visibility
(contrast) of the mosquito’s images are partially occluded is reduced when the mosquito is in front
of, or behind a bednet as the bright background field is attenuated from transmission through the
bednet layers each side of the human bait. Furthermore, for field studies the optical system needs
to be simple to setuptransport and install and sufficiently robust to withstand environmental
instabilities, e.g. flexible wooden floors, as well as computationally efficient to extract the flight
tracks required by entomologists.

Two and three dimensional (multi camera) imaging setups have been reported using
illuminated diffuse surfaces or lamps as a background [15, 16]. Combined with algorithms for
tracking, two or three dimensional flight trajectories are produced from which responses to
attractants or interventions can be determined via manual inspection. However, such analyses
whilst of value, docannot determine responses to an insecticide treated bednet because of the
inability to capture large enough volume, which remains the most widespread and effective
intervention against disease transmission , or with native mosquito populations. Field studies
to examine mating behaviour have been reported using the setting sun as a back light with a
pair of stereo cameras to give 3-D mosquito tracks over volumes of metre-scale dimensions but
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this imaging approach cannot be translated to the inside of dwellings in nocturnal situations [17–
19]. Stereo or multi-camera 3D imaging provides spatial resolution that increases proportionately
with the field of view [20, 21]. Another multi-camera approach (up to 11 cameras) for 3D tracking
flying animals was reported in [22]. The tracking in [22] relies on high levels of spatial sampling
in order to extract position and orientation information of the animal as well as on the use of a
network of processing computers (up to 9 computers).

Millimetre scale resolution should be available over room size volumes from optically suitable
surfaces, but performance will degrade with mosquito targets that vary in presentation according
to angle of view of the multiple cameras. Furthermore, a minimum of two camera views are
needed in each region for 3D metrology, hence to adequately map the space around a human
baited bednet would require pairs of cameras for each side, the head and feet areas as well
as cameras to map the space above the bednet. The entirety of the bednet surface needs to be
captured as this is where mosquitoes interact with the insecticide. Hence, the test room would
need to have 5 sides largely transparent in order to position the cameras outside of the room
and look in (meaning modifications to the roof region where mosquitoes are known to enter via
eaves), or a significantly larger sized building that would be atypical compared to sub-Saharan
dwellings. Moreover, multi-camera 3D systems requires significant levels of processing power
that is often not available in the field.

Large field of view back lit imaging systems which record the whole bed with bednet and
surrounding areas have been reported [5]. The setup useswith two parallel imaging channels
(two non-intersecting camera images) to give a measurement volume of 2 x 2 x 1.4 m in total.
with lLarge aperture Fresnel lenses enableing collimated illumination and telecentric imaging.
Illumination was provided by a single LED with a transmission diffuser located behind the back
Fresnel lens for each camera. As part of this study, algorithms were also reported that produced
flight tracks of 25 mosquitoes over hour long recording periods of up to 2 hours. The recording
system enabled discrimination of Ffour behavioural modes were identifiedduring the mosquito’s
interactions with a human-occupied bednet: non-contact flights (swooping), and flights with
single (visiting) (the bednet), multiple-rapid (bouncing) andor sustained (resting) net contact [5].
The data gaveThis became the basis for elucidation of insight intothe mode of action of insecticidal
bednets [8], studies that, in turn, led tomosquito host seeking behaviour and quantified an
individual mosquito’s contact with the bednet (and hence insecticide) with the information
leading to the ‘barrier bednet’, an innovative and field-tested concept that could greatly expand
the potential and lifespan of insecticidal bednets [4, 23]. Despite these advances, conducting these
experiments in the field is challenging. The imaging approach worked in transmission with a
Fresnel lens at either end of the measurement volume, consequently 1.5 m was needed beyond the
lenses at each end. The use of two Fresnel lenses per camera also generates undesirable amplitude
modulation in the images in circular rings and needs very careful alignment of the two lenses with
respect to each other. The unstable nature of test environments in sub-Saharan Africa dwellings
means that the alignment of these large aperture Fresnel lenses needed regular adjustment.

Here we introduce an optical setup using a retro-reflective screen (RRS) to eliminate the optical
alignment problemsand, reduce the size of the optical system and improve the uniformity of the
images. In this approach a single Fresnel lens per camera is used per camera to both collimate the
illumination beam and focus the light reflected from the RRS at the far end of the measurement
volume. No further optical components are needed beyond the RRS. Similarly to the backlit
approach, the volume captured is 2 x 2 x 1.4 m and two parallel imaging channels are used with
one camera per channel. In transmission through a bednet, the light amplitude is reduced and in
this reflective mode the light is attenuated through twice the number of bednet layers compared to
the back-lit setup. Additional data processing steps are introduced to handle the increased range
of contrast in the images, in particular, to manage the reduced contrast of the mosquito images
partially obscured by layers of net. The following sections describe the optical setup and signal
processing. Sets of experimental data are shown where mosquitoes are introduced into known
spatial locations, e.g. in front or behind a bednet – as a means of confirming mosquito detection
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ability in all regions of the image. Hence, tracking performance comparisons are made between
the back-lit and RRS based imaging approaches.

Finally, Beyond bednets that provide protection to sleeping hosts, variations in chemosensory
cues including carbon dioxide and volatile organic compounds from the skin are widely
recognised as determining the attractiveness of individual people. Assessment of variation in
individual attractiveness to a host-seeking mosquito is an important first step in being able to
assess novel interventions, e.g. insecticide treated clothing or topical repellents that can offer
protection away from a sleeping space. Even though the work is in its early stages, the RRS based
tracking system’s potential Initial mosquito tracks that are shown as for a range of behaviour
studies is shown by its performance in a binary test of the relative attractiveness between two
individuals.of two human hosts, where multiple mosquitoes are tracked as they orient to and
select the individual on whom they will land and bloodfed.

2. Methods

(a) Optical Setup
The optical setup for the RRS approach is shown in Figure 1b and for comparison purposes, the
backlit setup is in Figure 1a. Light from an LED ring light expands over the Fresnel lens (approx.
1.4 x 1.0 m aperture, 1.2 m focal length, NTKJ CO., LTD. CF1200 [24]) and is then approximately
collimated to illuminate the space above the bednet and through the bednet itself. A volunteer
acts as human bait lying beneath the bednet. The telecentric setup (created by the combination
of camera and Fresnel lenses) plays a key role in image formation and metrology of mosquito
position. As the depth of the scene is quite large, approximately 2 metres, telecentric imaging is
essential to determine the mosquito displacements accurately when located at different depths.
Moreover, the collimated illumination and imaging enables neighbouring camera views to be
independent and give sufficient spatial resolution over the measurement volume.

The light travels to a back wall where it is reflected back via a RRS. Whilst a number of retro-
reflective materials are available, improved performance was found using 3MTM ScotchliteTM

High Gain 7610 [25] obtained as a tape to be stuck to the back wall. The material contains glass
beads and is based on an exposed lens material, which means it does not have a glossy surface
covering but a matte appearance producing a diffuse background with scattered light over a 10◦

reflection cone. The RRS retroreflective material applied to a plywood board (size 2.4 m x 1.2
m) per camera is placed approximately 2 m from the Fresnel lens. The reflected light re-crosses
the measurement volume and is focused by the same Fresnel lens which forms a telecentric lens
pair with an imaging optic mounted on the camera. This configuration allows illumination and
imaging from one side of the bednet and scene and is relatively insensitive to alignment owing to
the retro-reflective nature of the beads in the RRS.

Ideally the illuminating LED would be placed on axis along with the camera optic, however
this is practically difficult owing to the high NA needed in both illumination and imaging at
approximately 0.5. The LEDs are therefore positioned outside the camera optic’s aperture leading
to pairs of images from individual mosquitoes. A direct image of the mosquito is seen by the
camera against the bright RRS and a shadow image is formed from the slightly off-axis LED
on the RRS. This effect enables triangulation and hence recovery of 3D mosquito position data
[26] but requires complex calibration and extensive signal processing. In contrast, it has been
demonstrated that 2D tracking provides entomologically useful information [1, 2, 4] and the
requirement in malaria control is to rapidly test design iterations of interventions over long time
periods (hours) and with sufficient repeats to give statistically reliable data. Hence, this paper
targets robust 2D tracking.

For 2D tracking over the 2 m depth of field needed here only the direct image is required.
The contrast of the direct image is higher than that of the shadow images due to the extended
distance over which diffraction occurs for the latter. Furthermore, each LED within the ring light
will form shadows in different spatial locations of the image, whereas the direct image is in the
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same location and becomes reinforced with each additional LED. A custom ring light source was
constructed with 12 OSRAMTM SFH 4235 infrared LEDs (peak wavelength 850 nm) [27]. The
wavelength provides good sensitivity for monochrome silicon based detectors and there is no
evidence from previous back-lit experiments or on-going studies with the RRS setup that the
direction of the illumination and orientation of the human bait affected mosquito behaviour [1, 6].

The inset in Figure 1b shows a photograph of the ring light and mounting arrangement via an
optical rail that allows independent adjustment of LED plane with respect to the camera and lens.
RRS based imaging experiments were conducted with 12 MPixel cameras, either Ximea CB120RG-
CM (used with Canon EF 14mm f/2.8L II USM lenses) or Dalsa FA-80-12M1H (used with Nikon
14mm f/2.8D AF ED Lens), operating at 50 fps and with 14 mm focal length camera lenses. The
optical system (camera lens, Fresnel lens and RRS screen) is approximately telecentric, with the
deviations coming from the steps in the Fresnel lens (which makes such a large aperture lens
physically manageable) and the RRS which gives a cone of reflected light, partly compensated by
closing the camera lens aperture to typically F8.0. The optical setup provides approximately 0.5
mm per pixel which gives adequate sampling of the Anopheles gambiae mosquito which is typically
2.5-3.5 mm wing length (other species can be much larger). Hence, in the images there is a bright
background with the mosquitoes appearing as dark images. In the RRS approach there is a double
pass of the measurement volume giving increased diffraction which limits the practical depth of
field to approximately 2 m.

(b) Signal Processing
In order to interpret mosquito behaviours it is imperative to be able to track them when
swooping above or around the bednet as well as when host seeking and probing the net. To form
contiguous tracks across all the different areas, a robust segmentation process is needed. When the
mosquitoes are in the region above the bednet there is at least 3-5 greyscales difference between
the mosquito image and the background. The contrast reduces markedly when the mosquito is
either in front or behind the bednet. With the RRS setup the light passes each layer of the bednet
twice (see Figure 1b) leading to 2-3 greyscales difference between the mosquito and background
when the mosquito is in front of the net (closer to the Fresnel lens) and about 1-2 greyscales for
mosquitoes behind the net. Graphs of the typical intensity distribution around a mosquito image
are given in Figure 2 in both 3D (inverted intensity scale) and image formats. Figure 2a shows a
typical mosquito shadow image using back-lit imaging when the mosquito is outside the bednet,
the corresponding image with RRS imaging is in Figure 2b. Significantly reduced contrast can be
seen in Figure 2c which is a back-lit mosquito image from across the bednet and Figure 2d from
the RRS approach. Mosquito detection relies on the contrast between the bright background and
dark image of the foreground (mosquitoes). Objects that do not allow light transmission (e.g. the
human host, the bed, etc.) prevent mosquito detection in front or behind such objects similarly for
both backlit and RRS setups.

The original approach to segmentation [5] used a difference image between consecutive frames
and a single threshold value to identify movement. Whilst developing the RRS system, two issues
were found. Firstly, the contrast of a mosquito image in low intensity areas is similar to the camera
noise. Secondly, in high intensity regions, the noise level and contrast is higher necessitating
a different threshold. Noise reduction is necessary to enable robust thresholding of mosquito
images in low intensity areas. Several filter types were considered (Gaussian, median etc) and
applied to original or difference images. Using noise reduction effectiveness and computational
overhead as criteria, a Gaussian filter applied to the difference image was selected using a 15 x
15 pixel kernel (implemented via the OpenCV library [28]). The width of the Gaussian function is
defined by the standard deviation as [28]:

σ= 0.3 · ((ksize− 1) · 0.5− 1) + 0.8.
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(a) Backlit recording setup

(b) Retroreflective recording setup with an inset photograph of the ring light mounted together
with the camera on a standard photographic tripod.

Figure 1: Schematic diagram of the original backlit and new retrorefletive screen recording
systems.

The filter values were scaled such that the integral across the whole filter was 1. The typical benefit
of the filter can be observed in Figure 3 which shows as red the pixels above a user defined
threshold before and after application of the filter, in this example the threshold was 2 greyscales.
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(a) Back-lit illumination, typical mosquito
image above the bednet

(b) RRS illumination, typical mosquito image
above the bednet

(c) Back-lit illumination, typical mosquito
image in front of bednet

(d) RRS illumination, typical mosquito image in
front of bednet

Figure 2: Mosquito intensity distributions under back-lit or RRS illumination and for mosquito
positions above the bednet or in front of the bednet. 3D maps use inverted intensity scale.

(a) Image before denoising applied. (b) Image after de-noising, 15 x 15 pixel
Gaussian filter, standard deviation 2.6.

Figure 3: The typical effect of de-noising on part of a difference image containing a mosquito
image. Both cases show the same part of the frame. The red colour shows differences greater than
2 greyscales.

To address the need for variations in threshold to segment a mosquito image, the high and low
intensity areas can be classified from examination of a normalised histogram. For the RRS system,
the greyscale ranges associated with the different regions of the image can be seen in Figure 4b.
The two regions of interest for mosquito flight are the background which is above or to the side of
the bednet and the bednet region itself, either in front or behind the bednet. A manual definition
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of the threshold that separates these regions is required to run segmentation algorithm and is
typically around 40-60 greyscales and is consistent for both backlit and RRS imaging approaches.

The system is insensitive to the ambient lights level (if it does not create direct reflection on the
Fresnel lens). Thresholding is applied to the difference image obtained between nearby frames
in the temporal sequence, hence the threshold level is largely insensitive to variations in ambient
light. The image obtained is dominated by the IR illumination directed to the RRS and hence
reflected into the camera. Furthermore, field experiments are usually done at night, with closed
windows and doors and hence the threshold required for successful segmentation is stable. So,
ambient light level encountered in typical experiments cannot affect the selected thresholds.

It can be seen from Figure 4 that the RRS system gives larger regions of high intensity in
the background whereas this region is more widely distributed for the backlit case. The bednet
region has a larger greyscale range for the backlit system (showing less uniform illumination in
the backlit case), but its peak is at a higher greyscale, approximately 40, than for the RRS system.
It can also be seen that the darkest regions, corresponding to the human bait are brighter for the
RRS by circa 10 greyscales than in the backlit case. This occurs due to the direct front illumination
which will also be incident on the mosquitoes and can slightly reduce the contrast in comparison
with the background.

(a) Back-lit image histogram

(b) RRS image histogram

Figure 4: Normalised image histograms with different illumination approaches.



9

rsos.royalsocietypublishing.org
R

.S
oc.

open
sci.

0000000
..............................................................

The updated segmentation algorithm incorporates the following stages.

(i) Form a difference image between the nth and (n-i)th images. Typically i is set to 5 frames
to aid discrimination. This produces a pair of detected mosquito images with opposite
signs and their separation is the mosquito displacement between the two frames.

(ii) A large kernel, typically 9 x 9 to 21 x 21 pixel, Gaussian filter is then (optionally) applied
to the difference image to reduce noise.

(iii) For the brighter, background region, the algorithm searches for all regions of positive
difference. An image threshold is calculated and applied to segment the mosquito image.
Morphological operators can be optionally applied to improve the outer contour of
the mosquito image (opening and closing). Statistics are then calculated: the centre co-
ordinates, the area, i.e. standard ’blob’ analysis. Dilation performed by 5-7 pixels aid the
detection of broken down images. Mosquito images are removed with either too large or
small area (based on user defined thresholds). The result is a set of candidate mosquito
images that satisfy the selection criteria and their positions in the image. The typical
threshold used for the bright areas is 3 greyscales.

(iv) The process is repeated for the darker image regions containing the bednet. The threshold
used to segment the mosquito images tends to be lower at 1 to 2 greyscales.

(v) The data from the two passes (the brighter and darker image regions) are then combined
together.

Apart from the addition of a Gaussian filter for de-noising and classification of the region
to determine the appropriate threshold, the mosquito segmentation algorithm is identical to the
one described in [5]. Whilst more complex algorithms could be implemented, the requirement to
control the computational overhead was important given the need for operation in the field and
on data sets of approximately 2 TB per hour of recording from the two cameras.

3. Results and discussion

(a) Evaluation of Illumination quality
Exemplar images from the backlit and RRS illumination systems are given in Figure 5. The ring
structure from the pair of Fresnel lenses used in the backlit approach are visible across the image
in Figure 5a, whereas this structure is averaged out when a single Fresnel lens is used with the
RRS in Figure 5b. The horizontal banding in the RRS image derives from the 50 mm wide adhesive
tape obtained from 3M and the reflections from the LED ring light give small localised areas
where individual mosquito images cannot be segmented. In the backlit case the roof of the bednet
is tilted whereas with RRS the data were obtained using a flat bednet roof. Each figure shows 3
intensity profile graphs in the region above the bednet, i.e. the background. It can be observed
that with the RRS the intensity towards the edge and corners of the image is maintained at a
higher level, whereas with backlit imaging the intensity drops to <50% of the central area. It is
clear that in the corners of the frame from the backlit system the illumination level is very similar
to that in the middle of the bednet (see Figure 6a). This will cause reduced mosquito detection in
the corners of the frame and difficulty in defining a robust threshold.

The ring structure from the two Fresnel lenses can also be seen in the profiles from Figure
5a with backlit imaging and for unstable field recordings can lead to erroneous artefacts in the
difference images used for mosquito segmentation.

The temporal stability of the illumination using the bespoke LED ring light source was
compared with that of the original single LED used in the original backlit system. Statistical
analysis over 250 frames (5 seconds) of data in different parts of the image showed the expected
result that the standard deviation and greyscale range increase with mean intensity. The cameras
used for backlit imaging and those in the RRS experiments both using the same type of CMOS
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(a) Image from backlit system (b) Image from retroreflective screen system

Figure 5: Spatial distribution of light levels across the background of the image along three
different directions using line probes. Line probes are parameterised by a coordinate from 0 to
1, where 0 is at the centre of the image and 1 is at the edge.

(a) Image from backlit system (b) Image from retroreflective screen system

Figure 6: Spatial distribution of light levels across the bednet along three different directions using
line probes. Line probes are parameterised by a coordinate from 0 to 1, where 0 is at the centre of
the image and 1 is at the edge.

detectors and gave average levels of 1.84% greyscale standard deviation as a proportion of the
mean intensity.

(b) Quantitative performance metrics
The performance of the combined imaging and segmentation algorithms has been quantified
using a number of metrics, thus enabling a quantitative comparison of the backlit and RRS
imaging setups. The data are presented in Table 1. Each dataset was obtained from a typical 1
hour recording with the cameras operating at 50 frames per second.

The recording made with backlit system was done using Tiassale strain (an insecticide resistant
variety) of Anopheles gambiae mosquitoes. There were 25 female mosquitoes, between 3 and 5 day
old, unfed and deprived of sugar for 4 hours prior to filming and left to acclimatise in the filming
room for 1 hour before testing. The test was conducted within 1-3 hours of the start of scotophase
(i.e. their night time). The male human host was clothed, barefoot and lay on its back and as
immobile as comfortably possible. This test was done at 28 degree C and 78% relative humidity
(RH).
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The recording with RRS system was done using N’guosso strain (an insecticide susceptible
variety) of Anopheles Coluzzicoluzzii mosquitoes. There were also 25 mosquitoes, between 3 and 7
days old, deprived of sugar 1 day before and of water 5 hours before testing. Mosquitoes were
placed in the room 1 hour before testing to acclimatise. Mosquitoes were kept and the test was
done in the same climate, i.e. at 27 ± 2 degrees C and 70 ± 10% RH under a 12hr light/12hr dark
cycle.

Both tests used modified PermaNet 2.0 LLIN bednets (55 mg/m2 deltamethrin; Vestergaard,
Lausanne, Switzerland). The modification involved making the roof tilted, so, that the roof will
be visible in the view of the camera. In both cases all mosquitoes were released at the beginning
of the test from a cup located 2 metres above the floor and about 1.5 metres from the edge of the
bednet.

The same recording (made with RRS recording system) was used for the Figure 8.
It is important to emphasise that the same algorithms have been used to process the recordings

from both the backlit and RRS systems (with small variations in parameters to optimise the
results). Therefore, differences in performance are due to the optical setup. Notably, the greyscale
threshold for detection of mosquito images across the challenging bednet region was the same (1
greyscale). An initial tracking process was performed [5] allowing only a single missing mosquito
position within a track and discarding any tracks with less than 5 positions; hence the number of
‘detected positions in tracks’ in Table 1 is determined. A second tracking iteration enabled existing
tracks to be lengthened and tracks to be combined together with gaps of up to 15 frames between
consecutive positions in a track.

Any gaps in a track, i.e. where the time between consecutive track positions is a multiple of
the inter-frame time, ∆t, indicate a missed mosquito position(s). Some missed positions occur as
mosquitoes fly across completely occluded areas but others are due to locally poor contrast. The
total number of potential positions in a track, Nt, is calculated from:

Nt =

n−1∑
k=0

Int

[
∆tk
∆t

]
,

where n - number of recorded positions, ∆tk - time difference between the current and previous
recorded position, Int[. . . ] gives the nearest integer value. An individual gap in a track is

identified when Int

[
∆tk
∆t

− 1

]
> 0 and hence the total length of gaps in a track, NGaps, is given

by:

NGaps =

n−1∑
k=0

Int

[
∆tk
∆t

− 1

]
,

The data in Table 1 provides average and standard deviation of gap size as well as the
number of gaps as a proportion of the number of detected positions (to normalise the expected
experimental variability). These metrics are determined for the background (outside the bednet)
and the across the bednet regions. Statistics are also given for the average track length and average
track length without gaps. The latter is the average length of track pieces without any gaps, i.e.
where there is a detected position at every time step. Finally, mosquito detection percentages are
given from the ratio between number of detected positions used in tracks and total number of
potential positions, Nt.

(c) Discussion
The rationale for the RRS based imaging system has been described above and it is clear that
this approach delivers a smaller operational footprint as well as only needing optical access from
one side of the measurement volume. It is worth noting that the backlit system has a very small
optical power density where the scene volume was 4.8 m3 and total light source power output
is 0.88 W (for two LEDs), thus, light power density is 0.18 W/m3. The new system provides
1Retroreflective screen system
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Table 1: Performance metrics of mosquito position detection for backlit and retroreflective screen
systems.

Metrics
Systems

Backlit [5] RRS1

Detected positions in Tracks 19128 22483
Mean ± SD Gap Size (Frames) Across Net 6.88 ± 11.91 4.19 ± 4.22

Gaps/Positions Ratio Across Net 0.066 0.018
Mean ± SD Gap Size (Frames) Outside Net 4.18 ± 6.58 4.58 ± 4.62

Gaps/Positions Ratio Outside Net 0.036 0.017
Average Track Length 78.02 77.54

Average Uninterrupted Track Length 16.82 29.85
Detected Mosquitoes Across Net 54% 92%

Detected Mosquitoes Outside Net 85% 92%

Detected Mosquitoes Overall 69% 92%

slightly larger scene volume (due to greater height of the Fresnel lenses) of 5.9 m3, but light source
power output is approx. 12 W (for two LED ring lights) and, thus, the optical power density is 2
W/m3. Repeat experiments and rotation of the human bait show that the increased power density
from the fixed position of the illumination does not influence the behaviour of the mosquitoes.
There are additional benefits in uniformity of the illumination into the corners of the measurement
volume compared to the backlit setup as evidenced by the spatial distribution data in Figures 5
and 6.

In contrast, backlit illumination causes a hot spot in the middle of the image and any increase
in source power will cause saturation and prevent mosquito detection. There is the opportunity
withThe more uniform illumination from RRS imaging on the other hand, allows to the light level
to be raised significantly further without causing saturation of the image in the centre.

The 12 LEDs in the ring light are necessarily displaced from the camera lens axis and therefore
create collimated beams that traverse the measurement volume at a small angle, <4◦, to the optical
axis of the Fresnel lens. This reduces any shadowing caused by other objects, such as the bednet,
affecting the image of the mosquitoes. The position and size of the diffuser in the RRS system
(being the full aperture RRS itself) gives increased scattering compared to that in the backlit setup.
The scatter from the RRS having a larger angular subtense than the propagation directions of the
illumination gives a diffuse cone of illumination of >10◦. These effects are probably key to giving
increased mosquito segmentation performance over the critical bednet areas, leading to the level
of mosquito detection across the bednet for RRS of 92% compared to 54% for backlit imaging
(Table 1). The practical benefits are important for ease of use in field settings, e.g. in Banfora,
Burkina Faso. The RRS approach requires 2 Fresnel lenses (rather than 4 for the backlit case) and
two tripods for the camera-LED assemblies (4 tripods for two cameras and two light sources for
backlit). The RRS itself can be assembled in the field from locally sourced plywood sheets and the
retro-reflective tape bonded to it.

The performance of the RRS approach to track mosquitoes in front of and behind the bednet
has been evaluated in lab experiments where the mosquitoes are released via an aspirator at the
specific locations. Segmented and tracked results are given in Figure 7a when the mosquitoes are
released in front of the bednet and in Figure 7b where the point of release is behind the bednet.
The image of the aspirator at the moment of release is clearly visible on the right edge of each
image. Several mosquitoes were released simultaneously in each case. It is clear that mosquitoes
located closer to the Fresnel lens (in front of the net) are reliably identified by the segmentation
algorithm everywhere – the tracks show a regular spacing of segmented positions. Mosquitoes
flying closer to the retroreflective screen (behind the net) are consistently identified above the net
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and across the vertical net walls. Segmentation performance is slightly worse across the inclined
net roof, although most positions are still identified and sufficient to enable flight path tracking.
This occurs due to the combination of limited depth of field and additional optical attenuation
through the inclined net which gives increased occlusion. Also, at the beginning of the tracks
mosquitoes were not identified well because they were blown from the aspirator quite fast (much
faster than their natural maximum velocity).

(a) Positions and tracks of mosquitoes
flying in front of the bednet.

(b) Positions and tracks of mosquitoes
flying behind the bednet.

Figure 7: Segmented positions of the mosquitoes and flight tracks released using an aspirator
(visible on the right of each frame) specifically in front (a) and behind (b) the bednet.

Figure 8 shows identified mosquito positions from both cameras with a human volunteer lying
under the net. Qualitative inspection reveals a high level of activity in front and behind the bednet
as well as bouncing behaviours particularly evident above the feet of the person (left hand side
but with some continuity to the right hand camera view). These data were obtained with Ximea
CB120RG-CM cameras. The left hand camera used 5 ms exposure time with no gain, whereas
the right hand camera was used with 5 ms exposure and -3.5 dB gain. The continuity of tracks
between the two views reflects the robustness of the segmentation algorithm to these varying
conditions. Movement of the volunteer and draughts cause movement of the bednet and the
associated strings supporting it and lead to some false segmentation in individual frames that are
largely filtered out via the tracking algorithms. Supplementary video file demonstrates short part
of the recording, where mosquitoes move from one side to the other and some bouncing activity
on the roof of the net.

The quantitative performance metrics presented in Table 1 are from different experiments
for the backlit and RRS imaging systems and hence exhibit natural variability due to the use
of different mosquitoes and human bait. This is evident in the detected positions in tracks
metric which shows that the RRS experiment produced a higher number of segmented mosquito
positions that passed the consistency requirements to be part of mosquito flight tracks. The data
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and 5 ms exposure per frame. Left camera, no gain, right camera, -3.5 dB gain.

on gap size in tracks shows that the RRS imaging approach gave similar performance both across
net and outside net regions. In contrast the backlit imaging setup gives larger track gaps across
the bednet probably due to reduced illumination levels away from the centre of each camera’s
field of view and the reduced transmission of the bednet in this region. The variability in gap
size (given by the standard deviation, SD) is higher for both regions with backlit imaging, but
especially so for the across net region. The data for the number of track gaps normalised by the
number of detected positions shows similar trends: consistent performance from the RRS setup
in both across net and outside net regions and worse metrics with backlit imaging.

The track length data shows that average performance of backlit and RRS imaging systems
is similar. However, the uninterrupted track length is significantly greater for RRS than backlit,
indicating the higher consistency in segmenting mosquito positions. The mosquito detection
percentages show that the RRS imaging approach achieves consistent performance in both across
net and outside net regions with detection levels >90% that are significantly higher than for backlit
imaging. It is worth noting again that the same processing pipeline was applied to the recordings
made with backlit and RRS recording systems. So, the differences are due to the optical setup
rather than signal processing. With this improved performance in mosquito image segmentation,
the tracking algorithms are able to reliably bridge the gaps in tracks that do occur and hence
deliver significantly improved flight tracks for entomologists.

The global threat to public health from mosquito-borne diseases like malaria, dengue, yellow
fever and emerging arboviral infections such as Zika, together with the spread of insecticide
resistance, demonstrate the unabated challenge for mosquito control and the relentless need for
novel control tools. Tracking has already proven its value for advancing bednet design [4], but the
performance of Tthe RRS imaging approach has broad potential for numerous studies, ranging
from basic research to evaluation of novel control tools. A widely applicable example is the
tracking of mosquitoes or other flying insects during approach and landing on single or multiple
test targets. Binary choice-tests are used widely to measure the effects of repellents or other
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attractants on mosquitoes, or genetic or phenotypic differences between mosquito populations
or laboratory strains. Figure 9 illustrates the potential of the RRS system to generate images
suitable for a typical study comparing attractiveness to mosquitoes of two human subjects, e.g. to
quantify the degree to which a repellent treatment on one host kills or possibly diverts mosquitoes
to the untreated hosts.is being used in both field and lab environments to further understand
the interaction between bednets and mosquitoes, including the testing of novel designs [4]. In
addition, the system is helping the definition of new protocols for commercial bednet assessment.
The RRS system has also been applied to a new study to assess the variation on attractiveness of
individuals to mosquitoes. The experimental design is to have two people within the field of view
but seated separately. Host seeking mosquitoes respond to the person giving off higher levels of
attractant and then blood feed. An initial image showing segmented mosquitoes is given in Figure
9

Finally, the more compact and easily aligned RRS system greatly facilitates transportation
between and installation at multiple sites, including rural or relatively remote sites. Multiple
RRS tracking systems are now being installed in east and west Africa where they will be used to
characterise the efficacy and monitor the progress of the so-called ‘next generation’ of insecticidal
bednets; essential evidence for decision-makers planning effective malaria control of pyrethroid-
resistant mosquitoes. In this example, the individual on the left hand side is clearly more attractive
to mosquitoes than that on the right, with several mosquitoes exhibiting bouncing type behaviour
in identifying a location to blood feed. This type of experiment could be extended to evaluate the
performance of repellents and other interventions.

Figure 9: Exemplar image captured using the RRS recording system described herein, showing
10 minutes flight activity by 10 Anopheles gambiae s.l. females around two seated adults. Higher
flight activity is apparent at the person on the left, who was bitten twice while the individual on
the right received three bites..
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4. Conclusions
The introduction of a retro-reflective screen to large volume, human baited mosquito tracking
studies delivers significant improvements to mosquito detection rates in comparison to previous
backlit imaging approaches. This is primarily due to increased uniformity of illumination and the
narrow angle diffuse nature of the reflected light from the RRS. A disadvantage of RRS imaging
is that the light double passes each bednet layer that is typically (although, not necessarily) the
focus of the experiments, reducing the available light intensity. However, the use of large kernel
Gaussian noise reduction filters combined with low detection thresholds of 1 to 2 greyscales have
been shown to give robust mosquito detection. With RRS imaging, mosquito detection rates of
92% have been obtained, compared to an average of 69% with backlit imaging.

There are further practical benefits of the RRS imaging setup in terms of reduced footprint,
reduced number of optical components required and reduced sensitivity to mis-alignment due to
the retro-reflective nature of the material.

RRS based imaging setups are a powerful tool in entomological research, especially for species
like the Anopheles mosquitoes that transmit malaria, nocturnally active mosquitoes that require
remote detection as their natural behaviour is influenced by the presence of a human observer.
RRS systems are installed in research laboratories in the UK and Burkina Faso, where the insight
they provided on malaria vector behaviour led directly to novel next-generation bednet designs
and an innovative solution to the threat from insecticide resistance [4].
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Response to referees’ comments

Comment from referee 1
Reducing transmission of mosquito-borne illness requires simple and robust methods to quantify
behavior in natural settings. An example is measuring flight trajectories around a bednet
covering an individual, but current tracking methods suffer from non-uniform illumination,
which complicates automated tracking due to changing background light levels. Here the authors
introduce a method for providing much more uniform illumination via a retro-reflective lens
behind the bednet. This substantially improves tracking, in particular enabling longer continuous
detection of flight trajectories, which could benefit quantitative behavioral analysis.

This work provides a useful methodological advance in collecting insect flight data and could
improve robustness of data collection and analysis in conditions outside the laboratory. The
technical language is precise, which will enable others to easily reproduce the setup.

The major addition that would improve the scientific value of the paper would be a
demonstration of the method to yield a novel scientific finding. One idea would be to expand
on the “attractiveness” question exemplified in Figure 9. What makes one person more attractive
to mosquitoes than another is important to understand, and it would be interesting to see
quantitatively how the retro-reflective screen method improves one’s ability to assess differences
in attractiveness. It would also be interesting to use this method, along with more detailed
behavioral analysis, to quantify distributions of mosquito behaviors and see how they changed
in different conditions. E.g. which behaviors do mosquitoes engage in more frequently when in
the presence of an attractive host? Or which behavioral patterns differentiated disease-carrying
vs non-disease-carrying mosquitoes?

The referee refers to Figure 9 of the manuscript and is correct in highlighting the importance
of understanding an individual’s attractiveness to mosquitoes. The authors felt it was worth
publishing the detail on the tracking system separately from the scientific findings on mosquito
behaviour and devices to mitigate disease transmission. The audiences for these two sets of
information have different expertise and there is significant detail needed in each case. Hence, the
most recent entomology findings are reported in reference [4] of the current manuscript in which
the efficacy of the ‘barrier bednet’ against both insecticide resistant and insecticide susceptible
mosquitoes is given; built on data obtained with the RRS imaging system as well as the original
backlit approach. The data in Figure 9 was added following feedback from one of the referees to
our original Royal Society Interface Journal submission – the referee commenting that application
to human baited bednets was very niche – hence our desire to show more general application to
other questions in entomology. Within the text of our Open Science submission we had attempted
to make it clear (content on pages 4 and 14) that Figure 9 was an example from initial experiments
to look at individual attractiveness.

The increased segmentation and hence tracking performance of the RRS approach compared
to the original backlit method yields higher quality tracks – as has been quantified in detail in
this submission for the human baited bednet data. In using the RRS system to assess individual
attractiveness it is the equally important benefits of ease of use, simple alignment and high quality
data that made the experiments straightforward to achieve and would not have been possible
with the backlit method. The referee is correct to realise that individual attractiveness will depend
on several factors; we have added some detail regarding the experiment that led to the tracks
in Figure 9. In this test 10 female Anopheles gambiae were released and tracks were recorded for
10 min at two seated adults. Track colour indicates time active (blue=early; red=late). Despite
higher activity, the left host received 2 bites, the right host received 3. We have also added a more
thorough discussion of the factors that are thought to affect individual attractiveness within the
discussion, however, the referee is correct that a wide ranging experimental programme would be
needed coupled with new behavioural analysis in order to draw conclusions and this is a subject
for future research.

Minor notes/questions:
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1. The technical writing was precise but a bit verbose. E.g. “Large field of view back lit imaging
systems have been reported with two parallel imaging channels to give a measurement volume
of 2 x 2 x 1.4 m in total with large aperture Fresnel lenses enabling collimated illumination and
telecentric imaging” is a difficult first sentence of a paragraph to parse. It could improve the
manuscript to put more emphasis up front on the core advance of using a retro-reflective screen to
create more uniformly distributed light and allocate details to the methods section or an appendix.

Thank you for noting this long and complex to comprehend sentence. The sentence was broken
down into several shorter sentences which are now easier to read. In general, this particular
paragraph forms part of the introduction and is dedicated to the previous backlit system,
describing why it is unique among other tracking systems and what drawbacks it has; hence
forming the motivation to the development of the new RRS tracking system.

2. On P2 L35, it’s stated that mosquito images are occluded when the mosquito is in front of
the bednet. I don’t understand why occlusion would occur if the bednet is behind the mosquito.

The term "occlusion" here is used in a wider context, referring to the mosquito visibility
(contrast) in the image. The light is reflected from the RRS and is occluded by the bednet before
arriving at the mosquito and hence will reduce the contrast of the mosquito image compared to
the background. The text has been updated on page 2 accordingly to clarify the phenomenon.

3. On P3 L24, the phrase “per camera” is used, suggesting there are multiple cameras in this
setup. However, it was my understanding that there is only one camera involved when the retro-
reflective screen method is used.

An explicit statement has been added on page 3 to explain that two cameras with non-
overlapping images are used both in backlit and in RRS systems. Each camera records the image
field from one Fresnel lens, which covers an area of about 1.4 x 1 m. To cover a whole bednet,
two Fresnel lenses standing side by side are needed to give a total field of view of 2 x 1.4 m, and
thus two cameras are needed. The system is scalable to handle larger areas either by using larger
Fresnel lenses or by adding extra cameras.

4. Would the illumination level used in this method be expected to affect mosquito behavior at
all? Or is it far enough in the IR spectrum as not interfere?

As far as the authors are aware, mosquitoes are not affected by IR illumination at around
850 nm wavelength. The statement highlighted in olive colour on page 5 addresses exactly this
concern. This is consistent with the earlier work by Gibson in 1995 [6]. Repeated experiments with
the RRS setup have been conducted over a number of years in which the orientation of the human
bait has been varied in order to verify that mosquito behaviour patterns vary accordingly.

5. The authors mention that a detection threshold must be set manually (P6 L48). Would this
need to be done repeatedly as ambient light levels change throughout the night?

Thank you very much for picking up this particular point. The threshold is applied after a
difference image is formed, hence slowly varying ambient light levels will not affect the threshold.
In addition, field experiments are conducted overnight for up to 8 hours with images obtained
inside a hut with closed doors and windows, hence ambient lighting levels do not change
significantly in any case. An additional paragraph on this point was added on page 8.

6. If possible, it would be useful to compare the RRS system to standard backlit systems across
light levels. For example, can a backlit system be just as good as an RRS system when there is
more light? Or do e.g. saturation effects preclude this?

Thank you also for picking this point, additional clarification is warranted. The referee is
correct that saturation effects preclude raising the light levels with the backlit system – due to
the high central intensity that would then saturate. In contrast the more uniform illumination
achieved with the RRS setup gives more consistent performance across the field of view. This has
been clarified on page 12.

7. It would be useful to say a bit more about whether the tracking algorithm loses the mosquito
when it lands for a few seconds. I imagine this algorithm would indeed lose the mosquito, since
it operates on frame-to-frame differences.
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The tracking algorithm used here is the same as that reported in [5]. Indeed, as frame to
frame differences are used, a track terminates at a resting mosquito and new track would start
if the mosquito subsequently moves. However, the algorithm described in [5] includes multiple
processing passes which enable the end of one track to be connected to the start of another
providing certain criteria (spatial and temporal bounds) are met. This detail has not been added
here as it is fully described in the previous paper [5].

8. Is it possible at all to track the mosquito in the darkest region of the scene (i.e. in front of the
volunteer)?

Both backlit and RRS systems rely on the contrast between the bright background and dark
foreground (the mosquitoes). So, if there is an object that completely blocks light coming from the
background (e.g. human host, bed, etc.), the segmentation algorithm cannot detect mosquitoes
flying in front or behind such objects. A paragraph explaining this point was added on page 5.

9. I understand the practicality of having simple tracking algorithms for deployment in the
field, but it would be good nonetheless to provide more comparison of this algorithm to state-
of-the-art algorithms used in other insect flight-tracking studies. For example, see Straw, Andrew
D., et al. "Multi-camera real-time three-dimensional tracking of multiple flying animals." Journal
of The Royal Society Interface 8.56 (2010): 395-409.

The current submission’s main focus is the illumination and segmentation aspects, however,
the authors agree that further comparison with algorithms such as that in [22] are worthwhile and
hence some additional content is provided in the introduction on page 3. As a general comment,
unless some actively controlled intervention is connected to the output of the tracking system,
there is no functional benefit in the algorithms operating in real time (with the possible exception
that stored data files would be considerably smaller).

It is worth capturing that [22] describes a different class of tracking system (with different
purpose) for lab based experiments, which are quite far from natural conditions. Moreover, [22]
emphasises the identification of orientation of the flying animal which for mosquitoes would
necessitate significantly higher magnification and hence reduced fields of view (defeating the
objective of the entomology studies addressed here). As discussed in the manuscript, the authors
are not aware of a successful tracking system which allows 3D tracking of a similarly sized scene
and operating on small animals such as mosquitoes, especially, which can be used in remote field
test sites (an initial report of such an approach is given in [26] and a more complete publication is
expected in due course).

Comment from referee 2
This is a revised version of the original paper. I have the following concerns :

- Major point : I do not see clearly the difference between the RRS system and the backlit one.
Authors must provide a figure (like figure 1) which shows clearly the two setup.

Whilst the aim of this submission is to introduce the RRS setup, we appreciate that a large
part of the manuscript concerns a comparison between the two systems, hence it is appropriate
to include a schematic of each approach side by side in Figure 1b.

Minor points: - model of the fresnel lens also suppler must be indicated
Fresnel lenses used are PMMA 1400x1050 mm fresnel lens with pitch of 0.112 mm and focal

distance of 1200 mm made by NTKJ CO., LTD. (Japan) model CF1200 [24]. Information about the
manufacturer and model added to the manuscript on page 4.

- were telecentric objectives used for the camera ? It is not clear. If so, please indicate the model
and the optical parameter of the objectives used in this study.

There seems to be a bit of confusion here. The tracking system uses conventional camera lenses
with fairly short focal distance (14 mm) in combination with the large aperture Fresnel lenses.
Taken together, the camera + Fresnel lens form a telecentric imaging setup as the spacing between
the lenses is equal to the sum of the focal lengths. The specific make and model of the camera lens
depends on the specific camera used. At the moment, Nikon 14mm f2.8 D AF ED and Canon EF
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14mm f2.8 L II USM lenses are utilised. Details on the camera lens make and model and a short
clarification were added on page 5.

- how big was the surface covered by the tape of 3M material ? Please indicate the cost ?
The retroreflective material in the form of self adhesive tape is applied to a plywood board

(size 2.4 m x 1.2 m). One board, oriented vertically, is used per camera. The cost depends on
the supplier. Moreover, the manuscript is not making any particular claim about the cost of the
system. So, adding details of the cost of the RRS material will look out of place in the manuscript.
For the referee’s benefit, the cost is about £600 per board. Details of the size and how the tape is
used were added on page 4.

- authors must provide the code used for the image processing. The code must be made
available on a GitHub for example.

The authors agree with the referee and the code for segmentation and tracking is being made
available via GitHub [29]. Please, see the added note on page 16

- the attached video must be provided with explanations (comments). Subtitles have been
added to the video to explain the important features revealed.

Comment from referee 3
The authors provide details of an improved technique to track free-flying nocturnal mosquitoes
around bed nets in 2D. Although a highly specific, context dependent, research set-up, the
technique is useful to answer fundamental questions about mosquito behavior around bed nets
or can be used for some other vector arthropods. The manuscript is well written.

The manuscript is an ‘improved-methods’ paper, mainly by adding a retro-reflective screen
to improve illumination conditions. Figure 9 in particular is an exemplar image of how the RRS
system can be implemented, however it does not provide the analysed data.

The main focus of this submission is to describe how an RRS can improve the illumination
conditions and together with improved algorithms for segmentation, increased reliability in
extracting mosquito tracking can be obtained for the challenging case of a human baited
bednet. Fully analysed data are included for this case from both the backlit and RRS imaging
setups, thereby establishing quantitatively the performance benefit. Figure 9 was included as an
initial tracking result from a proof of principle experiment to assess individual attractiveness
to mosquitoes due to a referee comment from our previous submission to the Interface journal,
where the referee felt that the bednet application was somewhat niche. The authors maintain that
inclusion of Figure 9 demonstrates the flexibility and ease of use of the RRS setup and hence
is relevant in this manuscript that is aimed at the improvements made to the tracking system.
However, we have elected to report any significant biological findings separately, e.g. reference
[4] from the human baited bednet study that were supported by the RRS imaging approach. A full
study of individual attractiveness to mosquitoes is beyond the scope of the current submission,
however, the reported image demonstrates that RRS imaging is a suitable tool to quantify such
human-mosquito interactions.

The authors focus on the relevant 2D data they obtained earlier, using a previous version
of the system, but seem to ignore other research/techniques in the lab or semi-field where
mosquitoes where successfully tracked under challenging conditions and where flight paths were
reconstructed in 3D.

As it was emphasised both in the manuscript itself and the response to the referees appointed
by the Interface journal, the authors are not aware of any other tracking systems capable of either
2D or 3D tracking at the same scale and for recordings inside sub-Saharan Africa dwellings and
which can handle similar temporal scale (up to 8 hours). The authors have included what we feel
are the most appropriate references to previous reports of mosquito tracking systems (and other
behavioural studies). If the referee is aware of additional references for systems having similar
capabilities then we would be grateful for those references.

The introduction (p4) and proposed methods focuses on back-lit tracking and offline
acquisition. There are good reasons for choosing this method, but the authors could highlight,
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or discuss, that other illumination methods are possible too and that online tracking would tackle
their challenge with processing large data files and data handling.

The authors agree with the referee’s comment. Additional information has been added around
alternative illumination approaches (page 2 in the introduction). There is inevitably a compromise
in achieving contrast across the whole field of view and irrespective of the mosquito’s position
within the measurement volume. With regard to online processing, then yes in principle if this
could be achieved robustly it would save storage of large data volumes. Part of the author’s
rationale in saving all data for later analysis is that there can be instances where the human bait
or other external artefact causes significant changes and hence there can be many thousands of
objects that suddenly appear (bednet movement or the suspending strings) some of which can
be similarly sized to the mosquitoes. Maintaining the integrity of the temporal image sequence is
essential for resolving conflicts in tracking and hence we have always favoured storage of the full
image stream for later analysis. Some additional detail has been added.

I concur with many of the original comments made by reviewer #1. I understand from the
authors’ reply that the improved method (adding RRS) was already implemented during the
studies of the recently published ref.4. This would indeed be an argument to have the updated,
detailed methods, included within that paper, rather than publishing a separate methods paper.

Whilst we appreciate the referee’s opinion on including the RRS method detail within the
recent [4], this is no longer possible and had been accepted for publication before the submission
of this manuscript. Further, it would then have been more difficult to show the potential use of
the RRS approach in dealing with other entomology questions.

Additional minor comments/suggestions: - p3, line 25: most? There are many more mosquito-
behavioural activities to quantify I can think of

Unfortunately, the sentence
"In order to understand better how hungry host-seeking mosquitoes are affected by the

bednet, or how net alterations (physical as well as chemical) might improve net performance,
entomologists are most interested in visualizing activity around the sleeping space, the bednet
suspended above it and the regions around this in order to examine details of approach, attack
and departure [11, 12]."

caused some confusion. It did not mean to state that approach, attack and departure around a
bednet are the only mosquito behaviours that entomologists are interested in. We appreciate that
mosquitoes have a whole lifecycle and vector biologists are interested in behaviours of all aspects
of their lives. What this sentence meant to convey was that entomologists are mostly interested
in approach, attack and departure behaviour around bednets as this is a point in their lifecycle
where their position is known and is also directly on the pathway for disease transmission. To
avoid confusion, the decision was made to split this long sentence into two to make it easier to
read as follows:

"Entomologists need to better understand how hungry host-seeking mosquitoes are affected
by the bednet, or how net alterations (physical as well as chemical) might improve net
performance. For that, they are particularly interested in visualising activity around the sleeping
space, the bednet suspended above it and the regions around this in order to examine details of
approach, attack and departure [11, 12]."

See changed text in page 2.
- Reference #4 is published now right? (remove accepted, complete reference)
Yes, it was published after this revised manuscript was submitted. The reference was corrected

to the full reference to the published version, see [4]
- p5, line 23: tracking ..
Thank you for noting. Corrected this and several other double points.
- p10, line 38: spelling coluzzii (no capital, double i)
Thanks for noting. Corrected, see at page 11.
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