TIME-FREQUENCY AND Q-CHIRPLET BASED PORTABLE PERSONAL PULSE DOPPLER RADAR VISION SYSTEM

Steve Mann

University of Toronto, Dept. Electrical and Computer Engineering

ABSTRACT

Time-Frequency and q-chirplet based signal processing is applied to data from a small portable battery operated pulse Doppler radar vision system designed and built by the author. The radar system and computer are housed in a miniature radome backpack to be backward-looking, like an eye in the back of the head. Therefore all the ground clutter is moving away from the radar when the user walks forward, and is easy to ignore, since the radar has separate in-phase and quadrature channels that allow it to distinguish between negative and positive Doppler. The fundamental hypothesis upon which the system operates is that actions such as an attack or pickpocket by someone sneaking up behind the user, or an automobile on a collision course from behind the user, are governed by accelerational intentionality. Intentionality can change abruptly and gives rise to application of roughly constant force against constant mass. Thus the physical dynamics of most situations lead to piecewise uniform acceleration, for which the Doppler returns are piecewise quadratic chirps. These q-chirps are observable as peaks in the q-chirplet transform.

1. INTRODUCTION: BACKGROUND AND PREVIOUS WORK

Haykin coined the term ”Radar Vision” in the context of applying methodology of machine vision to radar systems [1]. Traditionally, radar systems were not coherent, but recent advances have made the designing and building of coherent radar systems possible [2]. Coherent radar systems, especially when having separate in-phase and quadrature components (e.g. providing a complexvalued output) are particularly well suited to Doppler radar signal processing [3]. (See for example, Fig. 1.) Time–Frequency analysis makes an implicit assumption of short time stationarity, which, in the context of Doppler radar, is isomorphic to an assumption of short time constant velocity. Thus the underlying assumption is that the velocity is piecewise constant. This assumption is preferable to simply taking a Fourier transform over the entire data record, but we can do better by modeling the underlying physical phenomena.

Instead of simply using sines and cosines, as in traditional Fourier analysis, sets of parameterized functions are now often used for signal analysis and representation. The wavelet transform [6][7] is one such example having parameters of time and scale. The chirplet transform [5][8][9][10] has recently emerged as a new kind of signal representation. Chirplets include sets of parameterized signals having polynomial phase (e.g. piecewise cubic, piecewise quadratic, etc.) [5], sinusoidally varying phase,

Thanks to Nortel, Xilinx, Altera, CITO, NSERC, and other organizations who have contributed to this project.

Fig. 1: Sliding window Fourier transform of small but dangerous floating iceberg fragment as seen by an experimental pulse Doppler X-band marine radar system having separate in-phase and quadrature components. The radar output is a complexvalued signal for which we can distinguish between positive and negative frequencies. The chosen window comprises a family of discrete prolate spheroidal sequences [4]. The unique sinusoidally varying frequency signature of iceberg fragments gave rise to the formulation of the W -chirplet transform [5]. Safer navigation of oceangoing vessels was thus made possible.

and projectively varying periodicity. Each kind of chirplet is optimized for a particular problem. For example, warbling chirplets (W − chirplets), also known as warblets [5] were designed for processing Doppler returns from floating iceberg fragments which bob around in a sinusoidal manner as seen in Fig.1. The sinusoidally varying phase of the w-chirplet matches the sinusoidally varying motion of iceberg fragments driven by ocean waves.

Of all the different kinds of chirplets, it will be argued that the q-chirplets (quadratic phase chirplets) are the most well suited to processing of Doppler returns from land-based radar where accelerational intentionality is assumed. Q-chirplets are based on q-chirps (also called “linear FM”), exp(2πi(a + bt + ct^2)) with phase a, frequency b, and chirpiness c. The Gaussian q-chirplet, ψ_{t0 ,b,c,σ} =^{1√}_{2πσ} exp(2πi(a + btc + ct^2_c) −^1_2 (^{tc}_σ )^2) is a common form of q-chirplet[5], where tc = t − t0 is a movable time axis. There are four meaningful parameters, phase a being of lesser interest when looking at the magnitude of:

⟨ψ_{t0,b,c,σ} z(t)⟩ (1)

which is the q-chirplet transform of signal z(t) taken with a Gaussian window. Q-chirplets are also related to the fractional Fourier transform [11].

2. APPARATUS, METHOD, AND EXPERIMENTS

Variations of the apparatus to be described were originally designed and built by the author for assisting the blind. However the apparatus has many uses beyond use by the blind or visually challenged. For example, we are all blind to objects and hazards that are behind us, since we only have eyes in the forward looking portion of our heads.

A key assumption is that objects in front of us deserve our undivided attention, whereas objects behind us only require attention at certain times when there is a threat. Thus an important aspect of the apparatus is an intelligent rearview system that alerts us when there is danger lurking behind us, but otherwise does not distract us from what is in front of us. Unlike a rearview mirror on a helmet (or a miniature rearview camera with eyeglass based display), the radar vision system is an intelligent system that provides us with timely information only when needed, so that we do not suffer from information overload.

2.1. Rearview clutter is negative Doppler

A key inventive step is the use of a rearview radar system, so that ground clutter is moving away from the radar when the user is going forward. This rearview configuration comprises a backpack in which the radome is behind the user, and facing backwards.

This experimental apparatus was designed and built by the author in the mid 1980s, from low power components for portable battery powered operation. A variation of the apparatus, having several sensing instruments, including radar, and camera systems operating in various spectral bands, including infrared, is shown in Fig. 2. The radome is also optically transmissive in the visible and infrared. A general description of radomes may be found in http://www.radome.net/ although the emphasis has traditionally been on radomes the size of a large building rather than in sizes meant for a battery operated portable system.

Note that the museum artifact pictured in Fig. 2 was a very crude early embodiment of the system. The author has since designed and built many newer systems that are now so small that they are almost completely invisible.

2.2. On the physical rationale for the q-chirplet

The apparatus is meant to detect persons such as stalkers, attackers, assailants, or pickpockets sneaking up behind the user, or to detect hazardous situations, such as arising from drunk drivers or other vehicular traffic.

It is assumed that attackers, assailants, pickpockets, etc., as well as ordinary pedestrian, bicycle, and vehicular traffic are governed by a principle of accelerational intentionality. The principle of accelerational intentionality means that an individual attacker (or a vehicle driven by an individual person) is governed by a fixed degree of acceleration that is changed instantaneously and held roughly constant over a certain time interval. For example, an assailant is capable of a certain degree of exertion defined by the person’s degree of fitness which is unlikely to change over the short time period of an attack. The instant the attacker spots a wallet in a victim’s back pocket, the attacker may accelerate by applying a roughly constant force (defined by his fixed degree of physical fitness) against the constant mass of the attacker’s own body. This gives rise to uniform acceleration which shows up as a straight line in the Time Frequency distribution.

Fig. 2: Early Personal Safety Device (PSD) with Radar Vision system designed and built by the author, as pictured on exhibit at an American museum (LVAC, October 1997). The system contains several sensing instruments, including radar, and camera systems operating in various spectral bands, including infrared. The headworn viewfinder display shows what’s behind the user, when targets of interest or concern appear from behind. The experience of using the apparatus is perhaps somewhat like having eyes in the back of the head, but with extra signal processing as the machine functions like an extension of the brain, to provide visual intelligence. As a result, the user experiences a sixth or seventh sense as a radar vision system. The antenna on the hat was for an early wireless Internet connection allowing multiple users to communite with each other and with remote base stations.

Some examples following the principle of accelerational intentionality are illustrated in Fig. 3.

2.3. Examples of chirplet transforms of radar data

A typical example of a radar data test set, comprising half a second (4000 points) of radar data (starting from t=1.5 seconds and running to t=2 seconds in the “car3” dataset) is shown in Fig. 4. Here we see a two dimensional slice taken (known as Frequency- Frequency analysis[5]) through the chirplet transform, in which the window size σ is kept constant, and the time origin t0 is also kept constant. The two degrees of freedom of frequency b and chirpiness c are parameterized in terms of instantaneous frequency at the beginning and end of the data record, to satisfy the Nyquist chirplet criterion[5]. Here we see a peak for each of the two targets: the ground clutter (e.g. the whole world) moving away; and the car accelerating toward the radar. Other examples of chirplet transforms from the miniature radar set are shown in Fig. 5.

2.4. Calibration of the radar

The radar is a crude home built system, operating at approximately 24 gigahertz, and having an interface to an Industry Standards Association (ISA) bus. Due to the high frequency involved, such a system is difficult to calibrate perfectly, or even closely. Thus there is a good deal of distortion, such as mirroring in the FREQ=0 axis, as shown in Fig 6. Once the radar was calibrated, data could be analyzed with surprising accuracy, despite the crude and simple construction of the apparatus.

Fig. 3: Seven examples illustrating the principle of accelerational intentionality, with Time Freq distribution shown at top, and corresponding chirplet transform Freq Freq distribution below. REST CLUTTER: radar return when the author (wearing the radar) is standing still; REST CAR: a car parked behind the author is set in motion when its driver steps on the accelerator, so that a roughly constant force of the engine is exerted against the constant mass of the car, while the author (wearing the radar) is standing still. START WALKING: The author stands still for one second, and then decides to start walking. The decision to start walking is instantaneous, but the human body applies a roughly constant degree of force to its constant mass, causing it to accelerate until it reaches the desired walking speed, which takes approximately 1 second. Finally the author walks at this speed for another one second. All of the clutter behind the author (e.g. the ground, buildings, lamp posts, etc.) is moving away from the author, so it moves into negative frequencies. WALKING: at a constant pace, all of the clutter has a constant (negative) frequency. CAR HAZARD: while the author is walking forward, a parked car is switched into gear at time 1 second. It accelerates toward the author. The system detects this situation as a possible hazard, and brings an image up on the screen. PICKPOCKET: rare but unique radar signature of a person lunging up behind the author and then suddenly switching to a decelerating mode (at time 1 second), causing reduction in velocity to match that of the author (at time 2 seconds) followed by a retreat away from the author. STABBING: acceleration of attacker’s body toward author, followed by a swing of the arm (initiated at time 2 seconds) toward the author.

Fig. 4: Most radar systems do not provide separate real and imaginary components and therefore cannot distinguish between positive and negative frequencies (e.g. whether an object is moving toward the radar or going away from it). The author’s radar system provides in-phase and quadrature components: REAL and IMAGinary plots for 4000 points (half a second) of radar data are shown. The author was walking at a brisk pace, while a car was accelerating toward the author. From the Time Frequency distribution of this data, we can see the ground clutter moving away and the car accelerating toward the author. The Chirplet Transform shows two distinct peaks, one corresponding to all of the ground clutter (which is all moving away at the same speed) and the other corresponding to the accelerating car.

Fig. 5: Chirplet transforms for ground clutter only, and pickpocket only. Ground clutter falls in the lower left quadrant, because it is moving away from the radar at both the beginning and end of any time record (window). Note that the pickpocket is the only kind of activity that appears in the lower right hand quadrant of the chirplet transform, so that whenever there is any substantial energy content in this quadrant we can be very certain there is a pickpocket present.

2.5. Experimental results

Radar targets were classifed based on their q-chirplet transforms, with approximately 90% accuracy, using the mathematical framework and methods described in [5] and [12]. Some examples of the radar data are shown as Time Frequency distributions in Fig. 7

3. CONCLUSION AND SUMMARY

It was successfully argued and shown that the q-chirplet transform is very well suited to detecting and classifying various forms of targets in the context of a small portable battery powered radar set designed and built by the author. In particular, the principle of accelerational intentionality was shown to govern many situations. Most notable was the unique radar signature of the pickpocket as being the only event showing up in the lower right hand quadrant of the chirplet transform. No other subject matter shows up in this quadrant. Although, in theory, a car that was accelerating toward the radar, and then suddenly switched into reverse, and accelerated

Fig. 6: The author’s home built radar generates a great deal of distortion. Notice, for example, that a plot of real versus imaginary data shows a strong correlation between real and imaginary axes, as well as an unequal gain in the real and imaginary axes respectively (note also the unequal signal strength of REAL and IMAG returns in the previous figure as well). Note also the DC offset which gives rise to a strong signal at f=0, even though there was nothing moving at exactly the same speed as the author (e.g. nothing that could have given rise to a strong signal at f=0). Rather than trying to calibrate the radar exactly, and to remove DC offset in the circuits (all circuits were DC coupled), and risk losing low frequency components, these problems were mitigated by applying a calibration program to the data. This procedure subtracted the DC offset inherent in the system, and computed the inverse of the complex Choleski factorization of the covariance matrix (e.g. covz defined as covariance of real and imaginary parts), which was then applied to the data. Notice how the CAL- IBRATED data forms an approximately isotropic circular blob centered at the origin when plotted as REAL versus IMAGinary. Notice also the removal of the mirroring in the FREQ=0 axis in the CALIBRATED data, which was quite strong in the UNCALIBRATED data.

Fig. 7: Various test scenarios were designed in which volunteers carried metal objects to simulate weapons, or lunged toward the author with pieces of metal to simulate an attack. Pickpockets were simulated by having volunteers sneak up behind the author and then retreat. The “pickpocket signature” is a unique radar signature in which the beginning and ending frequency fall on either side of the frequency defined by author’s walking Doppler frequency. It was found that of all the radar signatures, the pickpocket signature was the most unique, and easiest to classify. The car plot in the middle of the array of plots was misclassified as a stabbing. It appears the driver stepped on the accelerator lightly at about time 1 second. Then just before time 3 seconds it appears that the driver had a sudden change of intentionality (perhaps suddenly realized lateness, or perhaps suddenly saw that the coast was clear) and stepped further on the accelerator, giving rise to an acceleration signature having two distinct portions.

away from the radar could produce a pickpocket signature, this situation has never been observed in practice. The stabbing signature was much harder to detect, because other situations, such as a car driven by a driver suddenly realizing the need to hurry, looked a lot like the stabbing signature.

4. REFERENCES

[1] Simon Haykin, “Radar vision,” Second International Specialist Seminar on Parallel Digital Processors, Portugal, April 15–19 1992.

[2] Simon Haykin, Carl Krasnor, Tim J. Nohara, Brian W. Currie, and Dave Hamburger, “A coherent dual-polarized radar for studying the ocean environment,” IEEE Transactions on Geosciences and Remote Sensing, vol. 29, no. 1, pp. 189– 191, January 1991.

[3] Brian W. Currie, Simon Haykin, and Carl Krasnor, “Timevarying spectra for dual-polarized radar returns from targest in an ocean environment,” in IEEE Conference Proceedings RADAR90, Arlington,Virginia, May 1990, pp. 365–369, IEEE Aerospace and Electronics Systems Society.

[4] D. Slepian and H.O. Pollak, “Prolate spheroidal wave functions,Fourier analysis and uncertainty, I,” Bell System Technical Journal, vol. 40, pp. 43–64, Jan. 1961.

[5] Steve Mann and Simon Haykin, “The chirplet transform: A generalization of Gabor’s logon transform,” Vision Interface ’91, pp. 205–212, June 3-7 1991, ISSN 0843-803X.

[6] G. Strang, “Wavelets and dilation equations: A brief introduction,” SIAM Review, vol. 31, no. 4, pp. 614–627, 1989.

[7] I. Daubechies, “The wavelet transform, time-frequency localization and signal analysis,” IEEE Trans. on Inf. Theory, vol. 36, no. 5, pp. 961–1005, 1990.

[8] D Mihovilovic and R.N. Bracewell, “Whistler analysis in the time-frequency plane using chirplets,” Journal of Geophysical Research, vol. 97, no. A11, pp. 17199–17204, November, 1992.

[9] Richard Baraniuk and Doug Jones, “Shear madness: New orthonormal bases and frames using chirp functions,” Trans. Signal Processing, vol. 41, December 1993, Special Issue on Wavelets in Signal Processing.

[10] M. A. Saunders S. S. Chen, D. L. Donoho, “Atomic decomposition by basis pursuit,” http://wwwstat.stanford.edu/~ donoho/Reports/1995/30401.pdf, pp. 1–29.

[11] D. Mendlovic H. Ozaktas, B. Barshan and L. Onural, “Convolution, filtering, and multiplexing in fractional fourier domains and their relation to chirp and wavelet transforms,” JOSA A, pp. 547 – 559.

[12] Steve Mann and Simon Haykin, “The chirplet transform:

Physical considerations,” IEEE Trans. Signal Processing, vol. 43, no. 11, pp. 2745–2761, November 1995.