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            Abstract
We describe Quanti.us, a crowd-based image-annotation platform that provides an accurate alternative to computational algorithms for difficult image-analysis problems. We used Quanti.us for a variety of medium-throughput image-analysis tasks and achieved 10â€“50Ã—â€‰savings in analysis time compared with that required for the same task by a single expert annotator. We show equivalent deep learning performance for Quanti.us-derived and expert-derived annotations, which should allow scalable integration with tailored machine learning algorithms.
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                    Fig. 1: Leveraging the wisdom of crowds for scientific image analysis with Quanti.us.[image: ]


Fig. 2: Case studies and machine learning integration of Quanti.us.[image: ]
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Supplementary Figure 1 Unequal Turker contributions to Quanti.us jobs.
Lorenz curves for jobs described in Fig. 1 (â€œdiscrim.â€�), Supplementary Fig. 2b-d (â€œvs. # objectsâ€�), and Supplementary Fig. 2e-g (â€œvs. pay (Â¢)â€�). The curves plot cumulative annotation numbers contributed by turkers ranked by decreasing productivity along the abscissa.


Supplementary Figure 2 Effects of image complexity and pay on Turker performance.
(a) Turkers were tasked with annotating calibration images containing 2D Gaussian objects with known â€œground truthâ€� locations. (b) Cumulative number of annotations contributed over time by turkers for jobs consisting of 1,000 replicate images of the indicated complexity (number of objects per image). Note the heavily reduced annotation rates as jobs near completion. Pay per image was 2Â¢ (USD). (c) Recall for individual turkers, n = 65, 63, 63, 118, and 158 turkers for image complexities of 18, 33, 60, 110, and 200 objects per image. Marker size indicates the number of images annotated by the corresponding turker, or the average number in the average recall line. Note that recall and annotation persistence drop significantly above ~60 objects per image. (d) Time between annotations vs. spatial error, fit for each complexity level by Fittsâ€™ law of human perceptual-motor function (Zhai et al.). (e)-(g) Similar plots for 1000-image jobs at the 110 object-per-image complexity level in which turkers were paid the indicated number of cents per image annotated (USD). n = 82, 86, 103, 88, 90, and 79 turkers for pay per image of 1, 2, 3, 4, 5 and 6Â¢. Zhai, S., Kong, J. & Ren, X. Speedâ€“accuracy tradeoff in Fittsâ€™ law tasksâ€”on the equivalency of actual and nominal pointing precision. International Journal of Human-Computer Studies 61, 823â€“856 (2004).


Supplementary Figure 3 Dynamic background discrimination in bright-field organoid outlining.
(a) Turkers were tasked with outlining the smooth epithelial layer of a lung explant (images adapted with permission from Varner et al., 2015 (see below), PNAS). Each of 17 images was annotated by 20 turkers. (b) A consensus outline was determined after spatial clustering of outline centroids (see Online methods). (c) Tissue area estimates from the consensus outline and from outlines collected by a trained expert, relative to those from a conventional segmentation algorithm in Ambuhl et al. (2011). Ambuhl, M.E., Brepsant, C., Meister, J.-J., Verkhovsky, A.B. & Sbalzarini, I.F. High-resolution cell outline segmentation and tracking from phase-contrast microscopy images. J. Microscopy 245, 161-170 (2011). Varner, V.D., Gleghorn, J.P., Miller, E., Radisky, D.C. & Nelson, C.M. Mechanically patterning the embryonic airway epithelium. PNAS 112, 9230-9235 (2015).


Supplementary Figure 4 Turker performance in ant tracking approaches that of an expert when visual context is given.
(a) A single frame from a 10-frame stack showing ants moving on a low-contrast background near the mouth of a terrestrial nest. (b) A maximum-projection difference image, temporally color coded by frame number and overlaid with expert, individual turker, and turker collective annotations for a task in which all 10 frames were provided to annotators using a frame â€œsliderâ€� interface. Each image was annotated by 10 turkers. (c) Annotation precision (left) and recall (right) for expert, turker collective, and automated FIJI segmentation routine consisting of maximum projection of image difference, gaussian blur, thresholding, and particle analysis. Each metric is plotted over a range in the number of images provided using the slider.


Supplementary Figure 5 Machine learning performance.
(a) Performance of traditional cell detection by Otsu segmentation, and performance of machine learning algorithms trained on annotations from individual turkers (representative group of 5), a collective of 10 turkers, or a trained expert. Note that the â€œwisdom of the crowdâ€� benefit is mainly accounted for by increases in recall of the algorithm trained on the annotations of the turker collective. (b) Representative performance of traditional Otsu and machine-learning cell detection methods.


Supplementary Figure 6 Example Quanti.us instruction sets and raw data output.
(a) Quantius instructions given to turkers for the cell/pore discrimination job described in Fig. 1b-f. Note the use of lay language, brevity, and inclusion of a clear example image with positive and negative reinforcement. (b) Instructions for the gliding assay job in Fig. 2a. (c) Raw data fields returned to the user for the gliding assay in (b). The researcher is provided a spreadsheet of all raw annotations collected in a Quantius job, including fields for the de-anonymized worker ID, the selected annotation type, time when an image was completed by a turker, image filename; and cartesian coordinates organized by object number (for polylines and other outlining tools), and x,y coordinate pairs and time in ms at which the click was made after the turker started the image task. (d) Instructions for the kidney organoid nucleus outlining job in Fig. 2b. (e) Instructions for the mouse annotation job in Fig. 2c. Note that an example image was not necessary here. (f) Instructions for the mammary epithelial spreading assay in Fig. 2d.
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