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In this protocol, we discuss general techniques for tracking the three-dimensional (3D) locations of the
mosquito body, wings, legs, or other features of interest using videos. Tracking data must be acquired
to produce detailed kinematics of moving mosquitoes. The software of focus for this protocol, DLTdv,
was chosen for its widespread use and excellent support and because it is open-source. In addition,
DLTdv allows both manual and automatic tracking. The automatic tracking can be done using a classic
machine vision or machine-learning algorithm. The software supports both single-camera analysis and
multicamera systems and can take advantage of sophisticated calibration algorithms, both for intrinsic
lens distortion correction and for 3D DLT-based reconstruction. For this protocol, we assume all
kinematic data is acquired post hoc through video analysis.

MATERIALS
It is essential that you consult the appropriate Material Safety Data Sheets and your institution’s Environmental
Health and Safety Ofﬁce for proper handling of equipment and hazardous materials used in this protocol.

Equipment

Computer with Windows, Mac OS, or Linux operating system
DLTdv
DLTdv is written in MATLAB and runs either in the freely available MATLAB runtime environment or as an app or
source code in a licensed MATLAB installation.
Here, we describe the use of DLTdv version 8.2.3 (i.e., DLTdv8) for digitizing mosquito movements from
videography data (Hedrick 2008). The open-source software is available at https://biomech.web.unc.edu/
dltdv/. An in-depth online manual for DLTdv8, including several video tutorials, can be found at https
://biomech.web.unc.edu/dltdv8_manual/. This includes video tutorials of how to use manual tracking and
automatic tracking of both two-dimensional (2D) and 3D video data, how to calibrate the multicamera
system, and tutorials for using the deep learning tracking algorithm.
DLTdv8 includes an interface for performing a basic multicamera calibration, based on the Direct Linear Transformation (DLT) routine. If a more sophisticated calibration is needed, one can use the easyWand calibration tool
(Theriault et al. 2014) available at https://biomech.web.unc.edu/wand-calibration-tools/, which produces optimized camera calibrations from a wide variety of possible inputs.
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DLTdv can directly read the “raw” save format of a variety of high-speed camera systems, including those from
Phantom (Vision Research Inc.) and Photron (Photron USA, Inc.) along with videos stored in AVI, MOV, or MP4
containers using the underlying operating system libraries.

METHOD
Below, we provide a list of user instructions for analyzing the 3D movements of mosquitoes from multicamera
videography, including the DLT camera system calibration. This list is intended to be a broad overview; thus, all
the steps must not always be performed nor performed in the given order. For example, when using a single-camera
system, camera calibration is not required. Moreover, tutorials that cover more options and functionality are available
online for experienced users. The list of steps below fits into the broader workflow for tracking detailed mosquito
kinematics, as shown in Figure 1.

Point Tracking in DLTdv

1. Open DLTdv8 if installed as a MATLAB app or packaged runtime application or run
“DLTdv8a” in MATLAB’s command window if installed as source code to open the DLTdv8
main window.
2. Click on Project menu  New. Select the number of cameras in the videography system.
3. Use the ﬁle browser to select video ﬁles, equal to the number of cameras chosen in Step 2.
4. When prompted, select the DLT calibration coefﬁcients ﬁle.
To generate the DLT calibration coefficients file, see the DLT calibration routine beginning with Step 13.
Projects with only one camera cannot use DLT, and multicamera projects may choose not to, at which point
the resulting output is only the (u,v) pixel coordinate time series instead of an (x,y,z) spatial coordinate time
series.

5. Set the Frame Number to the ﬁrst frame to be tracked and adjust Video Gamma such that there is
high contrast between the mosquito(es) to be tracked and the background.
6. Add points using the “add point” button according to the number of points to be tracked.
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FIGURE 1. The workflow for tracking detailed mosquito kinematics.
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7. For manual tracking, set autotrack mode to “off” or “auto-advance.” For automated tracking, set
the mode to “automatic” and adjust Tracker Threshold, DLT Residual Threshold, and Marker
Centroid Search to suit video needs.
Begin with defaults. Further experience with DLTdv8 will inform optimum settings for individual videos.

8. Select a marker location in one video and press the “f” key to advance the frame if autotrack mode
is set to “off.” If DLT coefﬁcients are present, once a marker location is deﬁned in one video,
DLTdv displays the “epipolar line,” or known marker location from the ﬁrst camera projected
into the other camera views. Once the marker location is deﬁned in two or more cameras, the 3D
location is calculated and shown in all camera views.
DLTdv also has autotracking capabilities that can be used in place of Step 8.

9. Adjust the interface settings to control what information is shown in the video and time series
windows.
Video windows can show none, all, or selected 2D tracks as the user progresses through tracking. The timeseries window can display position data for individual videos or global coordinates if multiple videos have
been tracked. The user can also specify the time-series window width in frames.

10. Track all named points in each loaded video.
11. Click on Project menu  Save.
This saves all the project metadata and tracked points as a MATLAB binary file but does not save the movie
files themselves, which must be present to reload the saved project.

12. Click on Points menu  Export points.
This creates text format outputs of the pixel and spatial coordinates for import and processing in the data
analysis platform of your choice.
Upon export, DLTdv asks the user to select various export options with sequential pop-up windows. The first
asks the user to specify a prefix, which should be some unique identifier to the current project; the second asks
the user to select export format (sparse or flat); and the third asks if the user would like to create 95%
confidence intervals. The recommended choices for most projects are flat format with no confidence intervals.

Calibrating Cameras in DLTdv
Here, we briefly describe how to calibrate a camera using Direct Linear Transformation in DLTdv. This method is
suitable for cameras with negligible optical distortion.

13. Prepare a calibration object, such as a 3D object of known dimensions with six or more landmarks
that have their (x,y,z) location described in a comma-separated value spreadsheet.
The landmarks must not lie in a single 2D plane (even if this plane passes through a 3D volume). Ideally, the
calibration object should cover one-third or more of the camera view. Lego bricks and other construction
toys are often suitable for creating small custom calibration objects.

14. Position the calibration object in the ﬁeld of view of the cameras then record and save a
brief movie.
15. The camera frame rate and exposure time need not be the same used for mosquito recordings, but all
other camera, lighting, and lens parameters should be held constant. Each camera must see at least six
calibration landmarks that do not lie in a 2D plane, but these need not be the same landmarks in each
camera. Additional calibration points beyond the minimum of six will improve calibration stability
and accuracy; 15 to 20 points are recommended. Open DLTdv8 if installed as a MATLAB app or
packaged runtime application or run “DLTdv8a” in MATLAB’s command window if installed as
source code to open the DLTdv8 main window.
16. Click on Project menu  New. Create a multicamera project and select some videos. When asked
if there is a DLT calibration, select “no.”
Any videos may be used for Step 16.

17. Launch DLTcal8, a specialized interface for collecting and computing calibrations, by selecting
“3D menu” and then “start calibration tool.” Once launched, DLTcal8 is independent of DLTdv.
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18. Click on the DLTcal8 “initialize” button.
19. Use the ﬁle browser to select the calibration frame speciﬁcation, that is, the comma-separated
value spreadsheet with the (x,y,z) locations of the landmarks.
20. Select the calibration movie ﬁle for your ﬁrst camera; DLTcal8 will load and display the image.
21. Using your mouse, mark the location of the ﬁrst calibration point, then advance to the next point
and mark it as well. Mark all points, skipping those that are not visible.
22. Click on the “compute coefﬁcients” button.
This computes coefficients for the camera in question, reporting quality as the “calibration residual.” This
number is the disagreement between the ideal and observed landmark locations, measured in pixels. Lower
values are better, and values <1 are high-quality. Larger values may be acceptable, especially for highresolution cameras.

23. Click on the “error analysis” button to verify that no single point contributes excessively to the
calibration residual. Reexamine any points thus identiﬁed.
24. Click on the “add a camera” button and select the image or movie for your next camera.
25. Mark the landmarks and compute the calibration for this camera.
26. Once all the cameras are calibrated, click on the “save data” button and select the folder where you
want to save the output. Specify a preﬁx for the output ﬁles.
Saving will produce a prefix DLTcoefs.csv file (calibration output) and a prefix xypts.csv file (calibration
input).

27. Close DLTcal8 by closing the DLTcal8 window.
28. Validate your calibration by restarting DLTdv, creating a project with the calibration videos,
selecting the new DLT coefﬁcients, and clicking the calibration landmarks or other locations.
DISCUSSION

Here are some additional tips for operating DLTdv8.

•
•
•
•
•
•
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The DLTdv8 program has a large range of keyboard shortcuts. When used correctly, these shortcuts allow you to increase your productivity when analyzing videos. To get familiar with these
keyboard shortcuts, check the “list of mouse and keyboard commands” via the Help menu or look
for the shortcut cheat sheet “DLTdv keyboard map.pdf” if you have downloaded the source code.
If manually digitizing videos, it is typically fastest to work through all the frames marking one point
in a ﬁrst video that best shows the landmark of interest, then going back to the ﬁrst frame and
switching to a second video.
DLTdv8 includes an image cross-correlation based autotracker for interactive use. For best results
set the search area width to about twice the width of the feature in question and watch the “tracker
score” in the interface to determine a good Tracker Threshold value. If the tracker makes an error
press the letter “x” on your keyboard to rapidly exit autotracking.
DLTdv8 includes a variety of deep learning-based autotracking tools; these are more suitable for
interactive use than most other deep learning-based automated video analysis tools but are less well
suited for large-scale batch processing. See https://biomech.web.unc.edu/dltdv/ for more details.
When digitizing single-camera data, one can calibrate the image based on objects of known
dimensions that are visible in the video. For correct calibration, ensure that the calibration
object is located the same distance from the camera as the mosquito.
See https://biomech.web.unc.edu/wand-calibration-tools/ for an alternative calibration tool compatible with DLTdv.
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