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an important tool for understanding genetics, evolution, development and the nervous system, and it has led to insights into
human diseases and behaviors. Many applications involve largescale screens in which the behavior of thousands of animals must
be compared. The scale of these experiments necessitates highthroughput, automated approaches. For both large screens and
smaller-scale experiments, accurate, detailed quantification of
behavior will result in richer information about the effects of a
manipulation and will enable discovery of subtle behavioral differences undetectable through existing methods.
Video of behaving animals contains a wide breadth of detailed
information about the behavior of the animals. Recently,
computer-vision techniques have emerged for automatically
tracking the animals1–5, transforming video data into trajectories
of their positions over time.
We present our general-purpose, open-source software for
allowing biologists to encode their intuition about the structure of
behavior and to transform the trajectories output by these trackers
into higher-order, scientifically meaningful statistics of behavior.
Our system, the Janelia Automatic Animal Behavior Annotator
(JAABA), uses state-of-the-art machine learning methods to allow
users to create a variety of automatic behavior classifiers. These
classifiers input the animals’ trajectories computed by a tracking
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Figure 2 | Behavior detector accuracy across
behaviors and organism types. (a– c) Each row
corresponds to a different behavior. The first
three columns with numeric values describe
the total error rate, false negative (FN) rate
and false positive (FP) rate on ground-truth
data labeled as important. The fourth column
indicates the total error rate on all labeled
ground-truth data (important and unimportant).
Using measured inter-annotator confusion
rates, we determined that assessing error on
important frames best measures the classifier’s
performance (Online Methods). The average error
rate over all behaviors was 1.9% for flies (a),
5.2% for larvae (b) and 4.4% for mice (c).
Complete results are shown in Supplementary
Table 2. Right, selected frames from example
intervals describing each behavior. For walk,
© 1973 Nature Publishing Group
crabwalk and chase,
we overlaid the animals’
positions in each frame. Otherwise, each frame
is drawn separately. For social behaviors (such
as chase, touch and follow), we also show the
animal that the labeled animal is interacting
with. Animal color indicates time. Scale bars,
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Figure 5. Reconstructing the phase dynamics. (A) The mean acceleration of the phase F(v
noise Æg (t)g(t+t)æ. The noise correlations are confined to short times relative to the phase velocity
A selection of early-time trajectories is shown in black. At late times these same trajectories c
backward crawling and two pause states. (D) Joint density r(v ,w) for worms sampled at 32 Hz. A s
backwards, and pausing, is denoted by black arrows.
doi:10.1371/journal.pcbi.1000028.g005
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If transitions are the result of brief events, well separated in
time, then there should be no memory form one to the next,
and we expect the survival probability to decay exponentially,
PðτÞ ¼ expð−τ∕hτiÞ; this exponential decay is what we observe
both in simulated trajectories and in the actual data, as shown
in Fig. 3. In the data, the mean interval is hτidata ¼ 16.3 $ 0.3 s,
where the error is the bootstrap error within an ensemble of 33

A

B

Fig. 3. Forward crawling survival times are well captured by noise-induced
transitions in the model phase dynamics. (A) The distribution of survival times
measured from worm data. We measure the probability that a worm’s
trajectory, which is in the neighborhood of the forward attractor at time
t, has not crossed to negative phase velocity by time t þ τ. The decay is exponential, with a mean time hτi ¼ 16.3 $ 0.3 s. (B) The predicted mean time
hτitheory as a function of the noise level. We scale the strength of the noise
σ 2 by a factor 1∕β and solve Eqs. 3 and 4 for many noise realizations. The noise

the moment of the reversal itself. Indeed, comparing Fig. 4 A and
B, we find that the conditional density derived from worm motion
appears as a noisy version of the density derived from the theory.
In wild-type C. elegans, the frequency of turning behaviors and
reversals decreases with time away from resources, an adaptive
effect resulting in greater dispersal of the trajectories (7, 24, 25).
In our model, a change in the reversal behavior can be accomplished byExperiment
a change in the deterministic dynamics,
a change in
Model

A

B

Fig. 4. The emergence of stereotyped behaviors in worm and model phase
dynamics. (A) The conditional density ρðϕjtÞ constructed from an ensemble
of N ¼ 469 worm trajectories aligned to exit the forward attractor at t ¼ 0
via a path with ϕð0Þ < 0. Color scale is for ln½ρ·ð1 radÞ&. (B) The same density
generated from simulations of the stochastic model, Eqs. 3 and 4.
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subunit in mammals. The mutation disrupts a variety of pathways
connected to the G-protein family [see, e.g., (26)]. Among other
phenotypes, these animals display hyperreversal behavior (27)
with a substantially shorter mean survival time in the forward
crawling state. Befitting its general nature, goa-1 is broadly
expressed in the nervous system and, relative to wild type, we
find both a different deterministic force and a different noise
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Fig. 2. Unsupervised discovery of behavioral motifs. Repetitive subsequences are identiﬁed by discovering time-series motifs, which are the best-matching
subsequences of a given length. In the sample time-series shown in A, the best-matching subsequences are shown in red and blue and overlaid on the Right.
(B) Fourteen sample motifs ranging from 1.6 to 32 s (40–800 frames) representing diverse but repetitive behaviors. (C) A quantitative phenotypic proﬁle is
generated by ﬁnding the distance between movies and each element of the sample motif dictionary shown in B. Phenotypic proﬁles are shown for N2 wild
type (green), a hyperactive mutant goa-1(sa734) (blue) (50, 51), and an uncoordinated mutant unc-63(ok1075) (1, 36). For each strain, the lines show the mean
distance
each motif
± the1 SE for a population of worms. goa-1 is signiﬁcantly closer to the two relatively high-frequency bouts of forward locomotion in
André E. X. Brown, Eviatar I. Yemini, Laura J. Grundy, Tadas
Jucikas,from
and William
R. Schafer
motifs 8 and 11 than either N2 or unc-63, consistent with its hyperactivity; likewise, unc-63 is further from the ﬂat posture of motif 2 because it is unMedical Research Council Laboratory of Molecular Biology, Cambridge CB2 0QH, United Kingdom
coordinated with a tendency to have higher body curvature.
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Visible phenotypes based on locomotion and posture have played
a critical role in understanding the molecular basis of behavior and
development in Caenorhabditis elegans and other model organisms.
However, it is not known whether these human-deﬁned features
capture the most important aspects of behavior for phenotypic comparison or whether they are sufﬁcient to discover new behaviors.
Here we show that four basic shapes, or eigenworms, previously
described for wild-type worms, also capture mutant shapes, and
that this representation can be used to build a dictionary of repetitive behavioral motifs in an unbiased way. By measuring the distance between each individual’s behavior and the elements in the
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and mechanosensation). Most of the monoamine mutants are
expected to have relatively subtle behavioral phenotypes, but
they still form signiﬁcantly tighter clusters than the network
overall. The exception appears to be for serotonin; however, the
outlying pair of genes cat-4 and bas-1 encode molecules required
for both serotonin and dopamine biosynthesis—indeed, they
cluster tightly with other dopamine-related genes. If we consider
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based on a Hotelling T test with permutation (40, 41) [asic-2
(ok289) vs. N2, P = 0.0019; acd-5(ok2657) vs. N2, P = 9 × 10−6].
Comparing the two DEG/ENaC mutants to each other (Fig. 5C),
two motifs are selected but there is no signiﬁcant difference
between their distances to the motifs (P = 0.796, Hotelling T2
with permutation). In other words, these two mutants were found
to be different from N2 yet they were not distinguishable from
each other using the same procedure. It should be noted that this
is not true for all mutants in the N2-like group; for example, two
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Fig. 3. Phenotypic association network. Nodes are mutant strains, and
edges show phenotypic connections. Edge transparency indicates the frequency with which two strains cluster together after resampling from the
data with replacement (frequently clustering strains are connected by dark
Dopamine
edges). The network layout is determined using spring embedding
with
edge weights determined by the inverse phenotypic distance. Color-coding
indicates either known phenotypic classes or molecular pathway families.
(Inset) Network around N2 with increased transparency and smaller node
labels for clarity. The DEG/ENaC mutants discussed in Fig. 5 are shown with
a red rectangle.
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