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 Abstract: The quantification and classification of time varying signals is fundamental to the study of animal communication. While analytical techniques for dynamic acoustic signals are well-developed, quantitative analyses of dynamic visual (motion) signals are less tractable due in part to limitations in the techniques available. Here we present an extension of recent techniques (Peters et al., 2002) for the depiction, classification, and quantification of dynamic visual signals and apply these to motion displays in jumping spiders. Using an optic-flow algorithm we examined visual courtship behaviours of jumping spiders from videotapes and depict their complex visual signals as “speed waveform”, “speed surface”, and “speed waterfall” plots analogous to acoustic waveforms, spectrograms, and waterfall plots respectively. These plots give intuitive representations of motion signals that allow the classification and quantification of temporal patterns and properties of complex visual displays. In addition, “speed profiles” are compatible with standard analytical techniques developed for auditory analysis such as cross-correlation and multi-dimensional scaling (MDS). Using examples from the jumping spider Habronattus pugillis we show that we can statistically differentiate courtship displays of different “sky island” populations supporting previous work on diversification in the group. We also examined visual courtship displays from the jumping spider Habronattus dossenus and show that distinct seismic components are produced concurrently with statistically distinct motion signals suggesting an inter-signal interaction between modalities.

Jumping spiders have recently been used as models to study species diversification (Maddison and Hedin, 2003; Maddison and McMahon, 2000; Masta, 2000; Masta and Maddison, 2002) and multicomponent signalling (Elias et al., 2005; Elias et al., 2004; Elias et al., 2003; Maddison and Stratton, 1988). In these studies there has been an implicit assumption that qualitative differences in dynamic visual courtship displays can reliably distinguish among species (Richman, 1982), populations (Maddison and Hedin, 2003; Maddison and McMahon, 2000; Maddison, 1996; Masta and Maddison, 2002), and visual signalling components (Elias et al., 2005; Elias et al., 2004; Elias et al., 2003). It has yet to be determined, however, whether such qualitative differences can stand up to rigorous statistical comparisons (Higgins and Waugaman, 2004; Walker, 1974).  To test hypotheses on signal evolution and function it is crucial to understand the signals in question. Thus it is necessary to test whether qualitative signal categories are in fact consistently different signals. While techniques for such analyses are readily available for static visual patterns and ornaments (Endler, 1990), this is less so with dynamic sequences of visual signals (motion displays) (but see Zanker and Zeil 1997). Studying motion signals presents an interesting methodological challenge – to quantify signals in a constantly changing multi-dimensional space in a way that is computationally manageable and more importantly, meaningful for investigators.  As a result new methodologies are needed to reduce motion data to meaningful parameters and to depict the structure of motion signals.
An extensive literature exists on the study of motion as it pertains to neural processing, navigation and the extraction of motion information from visual scenes (reviewed in(Barron et al., 1994; Zanker and Zeil, 2001). In neurobiology in particular, techniques have been motivated by the need to accurately describe biologically relevant features of motion as an animal moves through its environment to identify coding strategies in the processing of visual information (Eckert and Zeil, 2001). One technique has been to reconstruct natural motion signals using the output of elementary motion detectors since such detectors most closely resemble the way brains extract motion information (Tammero and Dickinson, 2002; Zanker, 1996; Zanker and Zeil, 2001; Zeil and Zanker, 1997).  While these studies have been integral to an examination of visual processing, such techniques have limited application in studies of behavioural ecology and communication as they do not provide simple, intuitive depictions of motion for quantification and comparison. Another extensive body of literature on the analysis of motion exists in the study of biomechanics, particularly in the kinematics of limb motion (Alexander, 2003; Vogel, 2003).  Several techniques have been developed to reconstruct the trajectories and forces produced by moving limbs and the fluids around them (Fry et al., 2003; Hedrick et al., 2004; Jindrich and Full, 2002; Nauen and Lauder, 2002; Tammero and Dickinson, 2002).  Such techniques could, in principle, provide extensive information on motion signals. But these computationally intensive approaches are designed for biomechanical analyses, and may not efficiently capture those aspects of visual motion signals that are most relevant in the context of communication signals. In addition both techniques present the experimenter with extremely large data sets and it is often necessary and desirable to reduce the data in order to glean relevant information.
A recent technique (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b) provides a significant advance in the analysis of motion signals in communication. Signals were analyzed as optical flow patterns to describe image motion, and these optical flow patterns were then reduced to velocity histograms representing the direction and speed of motion in the signal. This technique allows the visualization of motion signals, analogously to the representation of complex acoustic signals as waveforms. In addition, Peters and colleagues (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b) analyzed the motion signals using artificial sensory units to analyze further parameters (speed, timing, orientation) in an attempt to demonstrate that signals are conspicuous against background motion noise. Here we extend this approach, making use of a similar algorithm to define a speed “surface” that represents the temporal patterns of visual signals in a form analogous to audio spectrograms. This approach is suitable for quantification and classification by methods equivalent to audio cross-correlations (Cortopassi and Bradbury, 2000).
We examined the visual signals of two species of jumping spiders in the genus Habronattus. Males of this genus court females by performing an elaborate sequence of temporally complex motions of multiple colourful body parts and appendages (Crane, 1949; Elias et al., 2003; Forster, 1982b; Jackson, 1982; Maddison and McMahon, 2000; Peckham and Peckham, 1889; Peckham and Peckham, 1890). 
Habronattus pugillis is found in the Sonoran desert and local populations on different mountain ranges (“sky islands”) have different ornaments, morphologies, and courtship displays (Maddison and McMahon, 2000; Masta, 2000; Masta and Maddison, 2002).  Using a combination of molecular, phylogenetic, behavioural and phylogeographic data it was demonstrated that sexual selection is driving diversification among populations of H. pugillis (Maddison and McMahon, 2000; Masta, 2000; Masta and Maddison, 2002).  Much of this work however assumed differences in male phenotypic traits that were derived from qualitative categorization of motion displays.  Here we test whether these qualitative categories are justified using these motion analysis techniques.  Using videos of courtship displays we created speed profile plots for four different populations of H. pugillis (Maddison and McMahon, 2000).  Next, using techniques developed for audio analysis, we cross-correlate the different speed profile plots and using the technique of multi-dimensional scaling (MDS) show that courtship displays from the four populations observed are statistically distinct. 
We also applied this analysis to signals of Habronattus dossenus which has been shown to have a complex courtship display consisting of at least three different signal components (Elias et al., 2003).  H. dossenus males produce multimodal courtship displays consisting of seismic signals coordinated with motion displays (Elias et al., 2003).  It was suggested by Elias et al. (2003) that distinct seismic signals were coordinated with unique multicomponent motion displays.  The hypothesis that different seismic signals are coordinated with unique motion signals has not been explicitly tested.  We analyzed the visual counterpart of three different seismic signals and show we can statistically discriminate the three categories of signal components based purely on correlations of the speed profiles. 
Our method reduces the dimensionality of visual motion signals by integrating over spatial dimensions to derive patterns of motion speed as a function of time. This method may not be adequate for some classes of signal (e.g. which differ solely in position or direction of motion components). Our results demonstrate, however, that for many signals this technique allows objective quantitative comparisons of complex visual motion signals. This will potentially provide a wide range of useful behavioural measures to a variety of disciplines from systematics and behavioural ecology to neurobiology and psychology.

Methods

Spiders. Male and female H. pugillis and H. dossenus were field collected from different mountain ranges in Arizona (Atascosa - H. dossenus and H. pugillis; Santa Catalina - H. pugillis, Santa Rita - H. pugillis, Galiuro - H. pugillis). Animals were housed individually and kept in the lab on a 12:12 light:dark cycle. Once a week, spiders were fed fruit flies (Drosophila melanogaster) and juvenile crickets (Acheta domesticus).
Recording procedures. Recording procedures were similar to a previous study (Elias et al., 2003). We anesthetized female jumping spiders with CO2 and tethered them to a wire from the dorsum of the cephalothorax with low melting point wax.  We held females in place with a micromanipulator on a substrate of stretched nylon fabric (25X30cm). This allowed us to videotape male courtship from a predictable position, as males approach and court females in their line of sight. Males were dropped 15cm from the female and allowed to court freely. Females were awake during courtship recordings. Recordings commenced when males approached females. For H. pugillis, we used standard video taping of courtship behaviour (30 fps, Navitar Zoom 7000 lens, Panasonic GP-KR222, Sony DVCAM DSR-20 digital VCR) and then transferred the footage to computer using Adobe Premiere (San Jose, CA, USA). For H. dossenus, we used digital high-speed video (500 fps, RedLake Motionscope PCI 1000, San Diego, CA, USA) acquired using Midas software (Xcitex, Cambridge, MA, USA). We selected suitable video clips of courtship behaviour based on camera steadiness and length of behavioural displays (<350 frames). For the H. pugillis analysis, courtship segments from several individuals were used (Santa Catalina, N= 5; Galiuro, N= 8; Santa Rita, N=6; Atascosa, N=4). The camera was positioned approximately 30( from a zero azimuth position (“head-on”) (azimuthal range: 10(-70(). For the H. dossenus analysis, different signal components from different individuals (N=5) were analyzed. The camera was positioned approximately 90( from a zero azimuth position (azimuthal range: 75(-95(). It was difficult to predict precisely the final courtship position of the animals since males sometimes did not court the female “head on”, so we included a wide range of camera angles in the analysis. Digital video clips were read into Matlab (The Mathworks, Natick, MA, USA) for analysis.
Motion Analysis. The mathematical methods used for motion analysis are explained in the next few paragraphs. Full Matlab programs for each analysis step are available at http://www.nbb.cornell.edu/neurobio/land/PROJECTS/MotionDamian/
Cropping/intensity normalization. Video sequences were shot at either 30 (H. pugillis) or 500 fps (H. dossenus). High-speed sequences (500 fps) were reduced to 250 fps for analysis and the intensity of each frame normalized because the high-speed camera automatic gain control tended to oscillate slightly. Normalization (PN) was achieved by the following equation:

PN = PO (PAvg / PFAvg) 0.75
where PN is the normalized pixel intensity, PO is the original individual pixel intensity, PAvg is the mean pixel value for the whole video sequence, and PFAvg is the mean pixel intensity value in the individual frame. Frames were cropped so that the animal was completely within and spanned nearly the entirety (>75%) of the frame. 

Optical Flow Calculation. The details of this algorithm are published elsewhere (Barron et al., 1994; Peters et al., 2002; Zeil and Zanker, 1997). Briefly, we used a simple gradient optical flow scheme to estimate motion. If a 2-dimensional video scene includes edges, intensity gradients, or textures, motion in the video scene (as an object sweeps past a given pixel location) can be represented as changing intensity at that pixel.  Intensity changes can thus be used to summarize motion from video segments.  Such motion calculations are widely used in robotics and machine vision to analyze video sequences (e.g. http://www.ifi.unizh.ch/ groups/ailab/projects/sahabot/).
Our video data were converted into an N by M by T matrix where N is the number of pixels in the horizontal direction, M is the number of pixels in the vertical direction, and T is the number of video frames. The 3D matrix was smoothed with a 5 X 5 X 5 Gaussian convolution kernel with a standard deviation of one pixel (Barron et al., 1994). Derivatives in all three directions were computed using a second-order (centred, 3-point) algorithm. This motion estimate is based on the assumption that pixel intensities only change from frame-to-frame because of motion of objects passing by the pixels. The local speed estimate (vg) was calculated as:

vg = - ((I) (dI/dt)/||((I)||2 

where vg is the local object velocity estimate in the direction of the spatial intensity gradient, I is an array of intensities of pixels, t is the frame number, and || is the magnitude operator (Barron et al., 1994). The local speed estimate is defined as the magnitude of vg.
Speed profile plots. The speed waveform is a simple average of the local speed estimates (vg) for objects over all pixels in the frame (Peters and Evans, 2003a). We also defined a speed surface (analogous to a spectrogram). The speed surface is a 2D plot with frame number on the x-axis, pixel speed bins on the y-axis, and the colour in each bin related to the log of the number of pixels moving at that speed. In other words, at each frame, we plotted a histogram of the number of pixels showing movement at a particular speed range. Both of these plots represented the complete speed profiles of each video clip. We also constructed a speed “waterfall” plot which represents the speed surface as a 3-dimensional plot, with the z-axis showing the log of the number of pixels associated with a speed bin in any given frame. 
Maximum Cross-Correlation of 1D and 2D signals. Similarity between speed profiles was computed by normalized cross-correlation of pairs of sample plots (with periodic wrapping of samples). Waveforms being compared were padded with the mean of the sequence, so that the shorter one became the same length as the longer one. Both speed waveforms and speed surfaces were analyzed, using a 1-dimensional (1D) correlation for the speed waveforms and a 2-dimensional (2D) correlation (with shifts only along time) for the speed surfaces. For the next stage of the analysis, we used a measure of dissimilarity (1.0 minus the maximum correlation) as a distance measure to construct a matrix of distances between all pairs of signals.

Multi-dimensional Scaling (MDS). The distance (dissimilarity) matrix was used as input for a multi-dimensional scaling (MDS) analysis (Cox and Cox, 2001). MDS provides an unbiased, low dimensional representation of the structure within a distance matrix. A good fit will preserve the rank order of distances between data points and give a low value of stress, a measure of the distance distortion. MDS analysis normally starts with a 1D fit and increases the dimensionality until the stress levels plateau at a low value. A Matlab subroutine was used (Steyvers, M., http://psiexp.ss.uci. edu/research/ software.htm) to perform the MDS. We used an information theoretic analysis on the entropy of clustering (Victor and Purpura, 1997) on both the 1D and 2D correlations and determined that more information was contained in the 1D correlation (data not shown), hence all further analyses were performed on the 1D correlation matrices. We fitted our data from one to five dimensions. Most of the stress reduction (S1) occurred at either two or three dimensions (H. pugillis: 1st dimension, S1 = 0.38, R=0.68; 2nd dimension, S1 = 0.23, R=0.78; 3rd dimension, S1 = 0.15, R=0.84; 4th dimension, S1 = 0.12, R=0.88; 5th dimension, S1 = 0.09, R=0.89; H. dossenus: 1st dimension, S1 = 0.32, R=0.69; 2nd dimension, S1 = 0.19, R=0.81; 3rd dimension, S1 = 0.12, R=0.88; 4th dimension, S1 = 0.09, R=0.92; 5th dimension, S1 = 0.07, R=0.93) hence all further analysis was performed on 3-dimensional fits. Plots of the various signals in MDS-space showed strong clustering. The axes on the MDS analysis reflect the structure of the data, we therefore performed a one-way ANOVA along different dimensions to calculate statistical significance of the clustering (Arnegard and Hopkins, 2003). A Tukey post-hoc test was then applied to compare different populations (H. pugillis) and signal components (H. dossenus). All statistical analyses were performed using Matlab.

Results

Motion Algorithm Calibration. In order to test the performance of the motion algorithm against a predictable and controllable set of motion signals, we simulated rotation of a rectangular bar against a uniform background using Matlab. Texture was added to the bar in the form of four nonparallel stripes (Fig. 1A). We programmed the bar to pivot around one end using sinusoidal motion. We then systematically varied the width (w) and length (l) of the bar, as well as the frequency (F) and amplitude (A) of the motion (Fig. 1A).
The three examples in Fig 1 show the effect of a step-change in frequency (F), amplitude (A) and bar length (l) respectively (Fig. 1B, C, D). In each case, the analysis depicts the temporal structure of the simulated movement very well (Fig. 1).  As frequency, amplitude, or bar length increase, the computed average speed increases predictably (see below). The speed waveform and surface plots show that more pixels “move” at higher speeds after the step increase. This detailed shape is depicted particularly well in the surface plot. 

The amplitude of the average motion of the simulated bar is related to the amplitude of the input wave and its frequency by a square law. (Fig. 1B iv, 1C iv). Detailed examination of the image sequence suggests that at higher speeds, the motion in a video clip “skips pixels” between frames, hence this square law is a result of the product of the speed measured at each pixel (which is linear) multiplied by the greater number of pixels averaged into the motion at higher speeds. The amplitude of the average motion of the simulated bar is related to bar length by a cube law. (Fig. 1D iv). This results from the aforementioned square law increased by another linear factor i.e. the number of pixels covered by the edge of the bar. Both bar width and texture change average motion amplitude only weakly (data not shown). This small change in average motion can be attributed to the increase in the total length of edge contours. 
We also modeled amplitude (AM) and frequency (FM) modulated movement by animating a rotating bar at a fixed carrier frequency and either AM or FM modulating the carrier.  The carrier and modulating frequencies are clearly discernable for both AM (Fig 2A) and FM (Fig. 2B) movements in all the speed profiles.  AM and FM movements are also easily distinguishable from one another.  Both simple (sinusoidal) and complex (modulated) motions are thus faithfully and accurately reflected in the analysis.

Habronattus pugillis Populations. Courtship displays from four different populations of H. pugillis are plotted in Figure 3. Several repeating patterns are apparent, especially in Galiuro (Fig. 3A), Atascosa (Fig. 3C), and Santa Catalina (Fig. 3D) populations. By comparing videos of courtship behaviour with their corresponding speed profiles, we verified that features in the speed profiles corresponded to qualitatively identifiable components of the motion display. For example, in the Atascosa speed profiles(Fig. 3C), high amplitude “pulses” (e.g., frames 130-150) correspond to single leg flicks and lower amplitude “pulses” (e.g., frames 150-200) correspond to pedipalp and abdominal movements. Speed profiles also reveal more subtle features of motion displays. For example, animals from the Santa Rita mountains make circular movements with their pedipalps during courtship (Maddison and McMahon, 2000). It is evident from the speed surface (Fig. 3B, frames 0 – 200) that this behaviour does not occur in a smooth motion, but rather as a sequence of brief punctuated, jerky movements (Fig. 3B).
Different populations of H. pugillis vary in behavioral and morphological characters (Maddison and McMahon, 2000). We evaluated two populations that include unique movement display characters (Galiuro – First leg wavy circle, Santa Rita – Palp motion [circling]) and two that have similar courtship display characters (Atascosa and Santa Catalina – Late-display leg flick [single]) (Maddison and McMahon, 2000). Santa Catalina spiders include the rare Body shake motion character, but this was not analyzed (Maddison and McMahon, 2000). Using MDS, all four groups can be discriminated from each other by the speed profiles (Fig. 4). Clustering was strong for all population classes. In order to evaluate the significance of each cluster we performed a one-way ANOVA on dimension 1 (F3, 19 = 25.61, p = 6.9*10-7) and saw that the Santa Catalina population was significantly different from the Galiuro (p<0.001) and Santa Rita (p<0.05) populations but not from the Atascosa population (p>0.05) (Fig. 4A ii). Also, the Galiuro population was significantly different from the Santa Rita (p<0.01) and Atascosa (p<0.001) populations and the Santa Rita population was significantly different from the Atascosa population (p<0.05) (Fig. 4A ii). Performing the same analysis on dimension 3 (F3, 19 = 3.68, p = 0.0303), the Santa Catalina and Atascosa populations are significantly different (p<0.05) (Fig. 4B ii). No other differences can be observed along dimension 3 (p>0.05, Fig. 4B). Hence, all population classes are statistically distinguishable in at least one of the dimensions used in the analysis.
Habronattus dossenus Signals. Courtship displays from five different individuals were selected and the visual component of different seismic signals recorded (scrape, N= 5; thump, N=10; buzz, N=5) for each individual spider (Elias et al., 2003). Two classes of thumps, distinguishable by their seismic component, were selected for each individual but were not distinguishable based on their speed profiles hence they were combined into one class (Elias et al., 2003). First we plotted the speed profiles for each of the signal classes (Fig. 5). Speed surfaces capture relatively subtle details of movements. For example, during individual scrape signals the forelegs first come down followed by abdominal movement upward (Elias et al., 2003) (Fig. 5A). Individual scrapes produce a rocking motion that can be observed clearly in the speed surface as a characteristic double peak (e.g. 1-3 in Fig. 5A). Furthermore, individual abdominal oscillations are resolved in the buzz speed surface (Fig. 5C). 
To test whether this technique could distinguish among the three qualitative signal classes, we applied the same analysis described above. Clustering was strong for all signal classes. A one-way ANOVA on dimension 1 (F2, 18 = 20.66, p = 2.2*10-5) showed that scrapes are significantly different from thumps (p<0.001) and buzzes (p<0.05) (Fig. 6) and thumps are significantly different from buzzes (p<0.05) (Fig. 6). Hence, all signal classes are statistically distinguishable in the full analysis.

Spatial information. Our analysis technique extracts temporal patterns and integrates over spatial dimensions. For comparison, we derived summaries of spatial patterns of image motion, integrated over time, for representative signals (Fig. 7). Although we did not carry out quantitative analyses on spatial data, some general features are apparent. There are clear differences between the signal examples in the location of motion within the video frame (Fig. 7 left panels) although some features are obscured in displays where leg flick motions are superimposed on the movement of the entire animals (Fig. 7b).. Summaries of the motion orientation are more difficult to interpret (Fig. 7 centre panels). This is most likely due to the fact that many of the movements are cyclical (rotation or back-and-forth movement). Speed isoform plots are 3D plots that (Fig. 7 right panels) show location of motion within the video frame with time on the z-axis.  Once again there are clear differences with the examples presented here but they are difficult to interpret. 

Discussion

Jumping spiders communicate using a complex repertoire of visual ornaments and dynamic visual (motion) signals (Forster, 1982b; Jackson, 1982).  Studies of visual communication in jumping spiders, however, have been limited in part due to limitations in the techniques available to examine complex motion displays.  Detailed examination of mate choice and signal function requires tools to accurately classify different signals and quantify motion displays.  Here we use optical flow techniques for the depiction and quantification of motion signals and use the technique as the basis of a statistical analysis to assess motion signals in jumping spiders.

We examined variation in the courtship displays of different “sky island” populations of Habronattus pugillis (Maddison and McMahon, 2000; Masta, 2000; Masta and Maddison, 2002). By calculating the differences between the speed profiles of displays from different populations, we were able to show that courtship displays were different between all of the populations studied. We could easily distinguish between populations with unique display elements (Galiuro - First leg wavy circle, Santa Rita – Palp motion [circling]) (Maddison and McMahon, 2000). Importantly, we could also discriminate the Santa Catalina and Atascosa populations that had qualitatively similar late stage visual displays (Late-display leg flick) (Fig. 4B). Maddison and McMahon (2000) in their initial descriptions and analysis of courtship coded this display as being the same between spiders from the Santa Catalina and Atascosa Mountains.  Masta and Maddison (2002) demonstrated that fixation rates between neutral (mitochondrial genes) and male phenotypic traits (morphological and behavioural characters) were different and used this as evidence to suggest that sexual selection was driving diversification in H. pugillis.  This study not only supports those previous studies, but also suggests that male courtship phenotypes are fixed to an even greater extent than previously demonstrated. 
Animal signals are often complex and there has been a recent resurgence of interest in signals that have multiple components in a single modality (multicomponent) and signals that have multiple components in different modalities (multimodal) (Candolin, 2003; Hebets and Papaj, 2005; Partan and Marler, 1999; Partan and Marler, 2005; Rowe, 1999; Rowe and Skelhorn, 2004).  Multimodal and multicomponent signals offer many advantages over simple signals including increased information content, increased signal efficacy, and emergent properties of inter-signal interactions (Elias et al., 2005; Elias et al., 2003; Hebets and Papaj, 2005; Iwasa and Pomiankowski, 1994; Johnstone, 1996; Pomiankowski and Iwasa, 1993; Rowe, 1999; Rowe and Guilford, 1999; Uetz and Roberts, 2002).  Elias et al. (2003) showed that males in the jumping spider H. dossenus produced at least three different seismic signals all coordinated with motion signals.  The strict coordination of seismic and motion signals in H. dossenus suggests that the signal components in different modalities are functionally linked (Elias et al., 2003).  If emergent properties of the multimodal signal (seismic and visual) are important one would predict that unique seismic components would have unique motion components.  Similar predictions can be made if unique motion displays serve to focus attention on corresponding seismic components. In this scenario motion signals act as amplifiers to direct attention to seismic signals (Hasson, 1991). Distinct motion signals would function to prevent habituation to repeating visual signals and ensure attention to changes in seismic songs. We measured different motion signals and found that distinct seismic signals occurred with specific motion signals suggesting the importance of inter-signal interactions either to focus attention or to construct integrative multimodal signals.  While this is not a conclusive test on whether there exist inter-signal interactions it is suggestive that selection has worked on the integrated multicomponent, multimodal signal.  
One of the goals of this study was to use techniques to analyze complex courtship displays that include movement of multiple body parts. Unlike stationary displays that have been used in previous studies (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b), jumping spider displays often include the movement of various body parts (forelegs, third leg patella, pedipalps) superimposed upon the movement of the entire spider (Fig. 7).  Such complex displays are common in many different types of animals. This approach constructs intuitive depictions of these complex time varying signals from videotapes and makes possible the systematic study of motion signals using quantitative methods comparable to those applied to other signal types, such as acoustic signals (Cortopassi and Bradbury, 2000; Hopp et al., 1998).  In general, there are many potential applications of this technique for measuring motion signals. Any aspect of the repeated motion patterns can be measured (i.e. intervals between patterns, duration of patterns, maximum and minimum motion of patterns, etc.) for use in subsequent analysis, and multiple aspects of the speed profiles can be treated simultaneously in multivariate analyses. 
This approach can be used as a classification technique applicable to a wide range of movement acts from the level of entire displays to individual signal components. Rigorous classification techniques are desirable in many disciplines particularly in studies of animal communication. For example, because distance measurements from MDS quantify the variation of displays or signals, at the level of entire courtship displays, this could be used to identify motion parameters as characters for phylogenetic analyses. At the level of individual signals, this is potentially useful in evaluating natural variation in signals (Ryan and Rand, 2003) and as a way to measure signal complexity (e.g., how many categories of visual signals can be objectively discriminated). These techniques would also be valuable in comparative studies.  For example, closely related species that signal in different visual environments could be compared to investigate the effect of the visual environment on the design of motion displays (Endler, 1991; Endler, 1992; Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b), also by comparing closely related allopatric and sympatric species one could also potentially tease apart parameters of the visual displays that are associated with mate choice or species recognition (see (Otte, 1989).

This method of constructing speed profiles severely reduces the information present in the original videotapes.  Optic flow analyses reduce video data to essentially five dimensions (speed, speed spatial distribution, orientation, orientation spatial distribution, and time) (Peters et al., 2002; Zanker and Zeil, 2001; Zeil and Zanker, 1997). Some of these other motion parameters have been used in other systems (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b). We chose to concentrate on speed and time although any of these dimensions can be plotted for jumping spider displays (Fig. 7). Speed and time parameters may be especially important in jumping spiders due to the structure of their visual system.  Jumping spiders have two categories of eyes, primary eyes which have a small field of view and are specialized for fine spatial resolution, and secondary eyes which have a large field of view are specialized for motion detection (Land, 1969; Land, 1985; Land and Nilsson, 2002). Motion signals would most likely stimulate secondary eyes and therefore timing and not spatial location is likely to be important since secondary eyes integrate over a wide field of view (Forster, 1982a; Forster, 1982b; Land, 1985). This hypothesis remains to be tested and it is possible that jumping spiders are reducing the visual field into timing information (input from the secondary eyes) and spatial information (input from the primary eyes) independently. In this scenario, our use of speed and timing parameters would match “data reductions” performed by secondary eyes. This underlines the importance of picking the correct data reduction strategy based on insights from sensory physiology and behaviour. Combining both spatial and temporal analyses with an analysis on the primary and secondary eye fields of view could give insights into how information is channeled into the nervous system (Strausfeld et al., 1993).   Complex motion signals in different systems may be specialized in different dimensions. By combining our technique with alternative analyses, that focus on spatial rather than temporal motion patterns, it may be possible to develop a battery of analytical approaches identify and analyze the salient parameters of a wide range of complex visual motion displays.  Future work will pursue these possibilities. 
This study shows that regardless of the significant data reduction we performed, distinct signal categories can still be discriminated using average speed and time parameters. The shear complexity of motion displays makes data reduction attractive and we feel that this method reduces the data while constructing accurate, intuitive depictions of the structure and timing of motion displays in a way that may be biologically meaningful to the organism in question. While other parameters are no doubt important we feel that using speed parameters and time allows one to easily observe repeating patterns in a way that is difficult in other parameter spaces (Fig. 7). The timing of repeating signals have been shown to be important in a variety of systems (Andersson, 1994; Gerhardt and Huber, 2002). 
One potential limitation in this technique is the confounding effect of the number of edges on total motion. For example, if a moving appendage differed between two species solely in the number of stripe patterns, then for equivalent leg movements, our analysis would record a higher motion signal for the animal with more stripes. Such a difference in recorded motion signals due to ornaments could, however, reflect true differences in the perceived signal at the receiver. Neural processing of motion in animal brains is based on the movement of edges defined by luminance contrast and not edges defined by chromatic contrast. Edges defined by chromatic contrast are usually not perceived by animals, thus total edge motion is total motion (Borst and Egelhaaf, 1993). Therefore our algorithm analyzes motion in a biological way.

Peters et al. (2002) originally applied the technique of optical flow measurement to motion signals in the aggressive displays of the male Jacky Dragon lizard. Aggressive displays consisted of rapid series of stereotyped tail flicking, arm waving, and push-ups (Carpenter et al., 1970). By studying these motions signals as well as characterizing the “motion” of environmental noise, they investigated signal efficacy of different aggressive displays in complex moving environments (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b). By expanding the technique developed by Peters et al. (2002), we have developed a novel way to visualize motion data analogous to spectrogram representations of auditory data. Furthermore, using techniques developed for analyzing differences between audio signals, we show that statistical methodologies in audio analysis are valid in analyzing motion profiles of animal displays. In addition, this study shows the utility of using optic flow techniques to analyze motion in a variety of contexts (Peters et al., 2002; Peters and Evans, 2003a; Peters and Evans, 2003b; Zanker and Zeil, 2001; Zeil and Zanker, 1997).
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Figure 1.  Simulated movements. (A) A bar of fixed length (l), width (w) and starting angle (() was simulated and rotated sinusoidally at a fixed peak-to-peak amplitude of A degrees and frequency (F).  The frequency (B), amplitude (C), and bar length (D) were then systematically changed.  The time-course of the corresponding stimulus parameters are shown in panel i.  Panels ii-iv show the resulting analysis of the simulated movement and step changes:  2D “speed waveform” plots (ii), 3D “speed surface” plots (iii) and 3D “speed waterfall plots” (iv); and summary of simulated motion amplitude as different parameters are changed (v). 
Figure 2. Simulated AM and FM movements.  The sinusoidal movement of a bar was simulated with either amplitude (AM) (A) or frequency (FM) (B) modulation.  (i) Modulated sine wave used to move the simulated bar.  (ii) 2D “speed waveform” plots.  (iii) 3D “speed surface” plots.  (iv) 3D “speed waterfall plots” (third row).  AM and FM motion is easily distinguishable in the analysis.

Figure 3. Different populations of Habronattus pugillis.  Representative from the Galiuro (A), Santa Rita (B), Atascosa (C), and Santa Catalina (D) mountain ranges are shown.  Top panels (i) show an example of a single video frame at the resolution used in the analysis.  Second panels (ii) show the 2D “speed waveform” plots.  Third panels (iii) show the 3D “speed surface” plots (second row).  Fourth panels (iv) show the 3D “speed waterfall plots” (third row). Frame rate is 30fps.

Figure 4.  Multi-dimensional scaling analysis of different Habronattus pugillis populations. Similarity of the courtship displays from the Gailuro, Santa Rita, Atascosa, and Santa Catalina mountain ranges were computed by circular cross-correlation and then input into a MDS procedure.  Dimension 1 vs. dimension 2 (A i) and dimension 1 vs. dimension 3 (B i) are plotted.  MDS showed strong clustering by population location.  A one-way ANOVA with Tukey’s post-hoc and Bonferonni corrections on the different populations along dimension 1 (A ii) or dimension 3 (B ii) indicated that population clusters detected by MDS were significantly different from one another (p<0.05).

Figure 5. Different signals of Habronattus dossenus.  Representative examples of scrape (A), thump (B), and buzz (C) signals are shown.  Top panels (i) show an example of a single video frame at the resolution used in the analysis.  Second panels (ii) illustrate body positions with numbers (1-4) illustrating movements of the forelegs and abdomen. Third panels (iii) show the 2D “speed waveform” plots.  Fourth panels (iv) show the 3D “speed surface” plots.  Fifth panels (v) show the 3D “speed waterfall plots”. Panels iii-v are shown in the same time scale, with numbers (1-4) corresponding to the body movements illustrated in panel ii.  Frame rate is 250 fps (reduced from 500 fps).

Figure 6.  Multi-dimensional scaling analysis of Habronattus dossenus signals. Similarity of scrape, thump, and buzz courtship signals were computed by circular cross-correlation and then input into an MDS procedure.  Plot of dimension 1 versus dimension 2 (i).  MDS showed strong clustering by signal category.  A one way ANOVA with Tukey’s post-hoc and Bonferonni corrections on the different signals along dimension 1 (ii) indicated that signal classes detected by MDS were significantly different from one another (p<0.05).

Figure7. Further optic flow parameters for courtship displays of different populations of Habronattus pugillis.  Representative examples (same examples as in Fig. 3) from the Galiuro (A), and Santa Catalina (B) mountain ranges are shown.  First column shows speed spatial distributions throughout the video integrated through time. Second column shows speed orientation spatial distribution throughout the video integrated through time.  Third columns show speed distribution isoform surfaces throughout the video with time on the z axis and speed distribution on the x and y axis. Timing patterns are difficult to observe in speed and orientation distribution space. Frame rate is 30fps.

