Reconfigurable architectures for machine perception.

An approach for autonomous vehicle navigation

Jose A. Boluda, Fer nando Pardo, Joan Pelechano

Departament d´Infor mática. Universitat deValència.

C/ Doctor Moliner, 50. 46100 Burjassot, SPAIN.

Email: {Jose. A.Boluda, Fernando.Pardo, Joan.Pelechano}@uv. es

Abstract

This paper deals with one of the current research fields developed by the computer architecture group at the University of Valencia. The work presented is concerned about the design of a reconfigurable module, designed with programmable logic, which can implement several interesting robot navigation algorithms. The use of reconfigurable logic in autonomous vehicles can be a good approach for achieving hardware speed for some intensive computations. It will be also possible, with this approach, to have software reconfigurability; that is, the same hardware can implement several different algorithms. In this way the autonomous vehicle will choose the most adequate algorithm for the task that it is going to carry out.

1 Intr oduc tion

The problemo fthe autonomous vehicle navigat ion in non-structured environments is a ver y complex task. The robot should detect risk ofco lliding wit h obstructions or with other mo ving vehicles. Moreover the plat formmaybe stopped and it should detect ifthere is any approaching object that can collide with it.

A typicalway for doing these tasks is to incorporate a visual systeminto the vehicle which implements severalvisio n algorithms, like opticalflow co mputation, time-to-impact computation, or different ial algorithms for motion detection. These tasks are ver yco mputer intensive [Bea95] and should be per for med with real-t ime restrictions, meaning that many times a hardware solut ion is required. Another problemis the amount ofdata that should be processed, a lot ofmemor yis required in order to process images with a minimal reso lut ion and qualit y.

In the other hand, a customhardware module is not a flexible so lut ion. The robot may need severaldifferent high-speed algorithms optimized for different situations: detecting motion fro mthe stopped plat form, detecting static obstacles fro mthe plat formwit h ego-motion or detecting mo vement independent ofthe platfor m mo vement. To provide the vehicle wit h customhardware modules for each task is not a possible so lut ion due to the cost, weight, size and power consumption.

A reconfigurable module for autonomous vehicle-navigat ion has been designed and is being constructed at the Universit y ofValencia. The module is a pipe ofProcessing E lements (PEs) which are externally identical(pin-out and communications protocolbetween them). The overallalgor ithmis split into severalPEs, being the number ofthe PEs, which formthe pipe, scalable. SRAM based FPGAs have been utilized in order to achieve the reconfigurabilit yo f each PE.

The algor ithms that the module can per for mcan be defined as fine-grain different ial algor ithms. This point will be clearer with the module architecture definit io n.

In the other hand a non-co mmo n visualsystemhas been utilized. The log-polar for malism has shown to be especially interest ing for robotic applicat ions [Tis93]. The recent availabilit y ofa CMOS log-polar sensor and a log-polar camera developed fro mthis sensor makes possible the use ofthese advantages in realapplicat ions [Par97] [Par98].

The module designed co mbine these two new techno logical approaches: A reconfigurable and modular architecture which can implement a wide range o ffine-grain different ial algor ithms, and the log polar visio n systemwhich reduce the totalamount ofdata to be processed and simplifies severalimage processing algor ithms.

2 Precedent appr oac hes

An example ofthe use ofreconfigurable logic for image processing is the Spectrum

Reconfigurable Computing (RC) Platform fro mGiga Operat ions Corporation [Tay96]. This plat formcan have up to 16 data processing modules, with 32 FPGAs, 128 MB ofDRAM and

4MB ofSRAM each, a reallybig quant ityo fhardware resources condit ioned by the size of the Cartesian images. Severalpreprocessing algor ithms (not ver yco mplex) as 3*3 convo lut ion or nonlinear filters have been implemented working up to 60 MHz.

Another approach to a reconfigurable machine has been made wit h the well-known Splash-2 machine. This machine is as big as the Spectrummachine, with a general-purpose architecture, which can implement a wide range ofalgorithms [Bue96]. In this way, several image-processing algor ithms have been implemented. The most interesting one up to date for robotic applicat ions is the hierarchicalvisualtracking tested in a Sun workstation as host system[Pud97]. The big quant it yofhardware resources needed to implement this algorithm in real t ime is due again to the big quant it yofimages to be processed.

Our approach, mixing a pipelined reconfigurable architecture with the log-polar visio n for malism, will simplify a wide range ofvisual algorithms useful for robotic navigat ion. The processing module willbe cheap and light enough for its inclusio n as visual processing module in an autonomous navigation system.

3 Log-P olar vision and algorithms

In humans, the retina exhibit s a non-unifor mphotoreceptor distribut ion: more resolution at the center ofthe image and less at the per ipher y, which allows a selective reduction of infor mat ion. The figure 1 shows the layout ofthe fovealsensor that is included in the robotic camera.

Using this for malism it is possible to simplify and develop severalvisio n algorithms which can be usefulfor robotic navigat ion. Each image has 9.5 Kbytes allo wing enough reso lut ion at the center ofthe image and keeping a wide fie ld ofvisio n. The equivalent resolution ofthe fo vea is more than a Cartesian camera of512x512 pixels that would require 256 Kbytes.

                                                                                                      ï

                                                                                                      î

                                                                                                      ï

                                                                                                      í

                                                                                                      ì

=

+

=

>

£

                                                                                                                       î

                                                                                                                       í

                                                                                                                       ì

                                                                                                                =
q
q

                                                                                                         x 22

0

0
log

y
x
r
r
r

r
r
r

r

                                                                                                          Fig. 1 . The log-polar transformation

3.2 Motion Detection

For an autonomous platfor m navigat ing in a non-structured environment it is ver y interesting
to detect other moving objects. If the robot is stopped the external motion can be easily
detected subtracting images. This is a simple approach that is not easier using the log-polar
camera. The only advantage is that there is less data to compute and store.

The problem o f detecting moving objects fro m a moving plat form is much more complex. It
is necessar y to iso late the image displacement due to the plat form ego motion from the image
changes due to moving objects. Motion est imation techniques fit into three categories:

feature-based, optical flow, and different ial techniques. In any case, this is a ver y
computational intensive problem.

The use of the log-polar coordinates makes possible the use of a different ial technique when
the movement is a lineal translat ion in the direction of the optical axis [Bo l97]. This
restrict ion can be assumed without any problem if the robot has a pan-tilt head. After the
acquisit ion o f the images E( x , q , t), the algorithm can be split in the fo llowing pipelined
stages:

1.  Low-pass filter ing for image smoothing.

2.  Fir st order temporal differentiation.

3.  Second order temporal different iat ion and thresho lding.

The simplicit y of the computations and the low amount of data to be processed make possible
a hardware implementation with a pipelined architecture that will be descr ibed later.

3.3 Time to impact computation

Another interesting algorithm for autonomous navigation is the time-to-impact computation.

In a non-structured environment to avoid co llisio ns wit h static obstacles is also a ver y time-
consuming task, that usually should be done with real t ime constrains. The use of the log-
polar coordinates simplifies the computations and reduces the amount of data to be processed

[Tis93].

In this case this algor ithm can be divided into the fo llowing pipelined stages:

1.  Low-pass filter ing for image smoothing

2.  Gradient and Fir st order different ial co mputation.

3.  Integer divisio n.

4 M odule Arc hitec ture

The most interesting thing of our approach is the combinat ion of the log-polar visio n system

(which simplifies the hardware needed) and the possibilit y of reconfiguration for the module.

In this sense a SRAM based programmable logic will be needed. The plat form will
reconfigure the programmable devices which for m the pipelined architecture downloading a
stream of bytes for each pipe stage. This will fix the technology o f the devices.

Also a certain complexit y (number of registers and equivalent gates) will be required. The
algor ithms are pipelined and split into different stages, this characterist ic reduces the number
of registers for each processing element, but a medium-high complexit y is required; that
means FPGAs. Finally, the real-time restrictions of the algor ithms force to choose a non-pure

FPGA architecture with carr y look-ahead and good velocit y grades. The family o f SRAM-
based FPGAs FLEX8000 fro m ALTERA has been chosen to design the different processing
elements.

A byte- level pipelined architecture has been designed for implement ing fine-grain different ial
algor ithms. The two algorithms descr ibed before have been divided into 3 pipelined stages
and each stage has been designed using VHDL and fitted into a single SRAM FPGA.

                                                                           Robot control.

                                                           Algorithm selection

           2 ports

           SRAM

         SRAM

             Log-Polar         PE

                                                                                                                        1
FPGA

              Camera  to the

                                                                                                          PE

                                                                                                                        2
 next

               stage

                                                                                 ....

           2 ports

                                                                                                          PEn      Local SRAM            SRAM

                                                      Robot addressable memory

                                                                                                                Fig. 2.  Module and PE structure

Each FPGA has exact ly the same pin-set and fo llows the same data-request data-ready
protocol at byte level. In this way, all the FPGAs are externally ident ical. The different
funct ionalit y is achieved when the master of the system (the robot control) decides which
algor ithm is go ing to use. Thus, it programs all the stages downloading its programming bit s.

Each processing stage has a 16 Kbytes SRAM memor y for local co mputations and 2 double-
port 16 Kbytes SRAM memor ies as frame grabber for the different ial algorithms. The small
size of the log polar images makes possible the use of this memor ies. The use of double-port
memor ies as inter mediate frame grabbers will increase the pipe per formance.

Each PE has a small PCB and a data-in and data-out connector for imp lement ing the
algor ithm pipe. The PE pin-set, the communicat ions protocol definit io n and the number of

PEs needed are general enough for cover ing a wide range of interesting algorithms for
robotics. All this small PEs are attached to the motherboard module ( log-polar frame grabber)
which controls the camera and gives the processed images to the robot (time-to-impact map,
binar y images with mo ving objects, etc.). The motherboard also receives the messages for
reconfigur ing the module and changes the FPGAs programming. Figure 2 shows the module,
the processing element structure and the data flow in the pipe. The image data flow from left
to right and the data-request data-ready protocol controls the image flow fro m r ight to left.

The two algorithms here descr ibed and other differential algor ithms have been fully designed
and simulated after its VHDL compilat ion. The PCB prototypes for the motherboard and for
the PEs are now being constructed, and will be tested in an autonomous navigat ion plat form
as soon as they are ready.

5 Acknowledgeme nts

The Generalitat Valenciana under project GV97-TI-05-27 is supporting this work.

6 References

[Bea95] S. S. Beauchemin and J. L. Barron . The computation of the optical flow. ACM
comput ing surveys, Vol. 27, Nº 3. September, 1995.

[Bol97] J. A. Boluda, J. Domingo, F. Pardo, and J. Pelechano.  Detecting motion independent
of the camera movement through a log-polar differential approach. Computer Analysis o f

I mages and Patterns. Lectures Notes in Co mputer Sciences Ser ies, Vol. 1296, pp. 702-709.

Kiel, Ger many. September 1997.

[Bue96] D. A. Buell, J. M. Arnold, W. J. Kleinfelder.  Splash 2: FPGAs for Custom

Comput ing Machines. IEEE Computer Societ y Press. Los Alamitos. 1996.

[Par97] F. Pardo, B. Dierickx and D. Scheffer.  CMOS Foveated image sensor: Signal scaling
and small geo metry effects. IEEE Transact ions on E lectron Devices. pp. 1731-1737, Vol. 44,

No. 10. October 1997.

[Par98] F. Pardo, B. Dierickx and D. Scheffer.  Space-Variant non-orthogonal structure

CMOS image sensor design. IEEE Journal o f Solid-State Circuits. Vol. 33, No. 6, June 1998.

[Pud97] B. Pudipeddi, A. L. Abbott and P. Athanas . Real-t ime hierarchical visual tracking
using a configurable co mputing machine. Proceedings of the Fourth IEEE International

Workshop on Computer Architecture for Machine Perception, CAMP´97. pp. 153-157.

Cambr idge, Massachusetts. October 1997.

[Tay96] B. Taylor . DSP filters in FPGAs for image processing applicat ions. High-Speed

Comput ing, Digital S ignal Processing and Filter ing Using Reconfigurable Logic. SPIE

Proceedings, pp. 100-109, Vol. 2914. Boston, Massachusetts, USA. November 1996.

[Tis93] M. Tistarelli and G. Sandini.  On the advantages of polar and log-Polar mapping for
direct estimat ion of time-to-impact fro m optical flow. IEEE Transactions on Pattern Analysis
and Machine Intelligence. pp. 401-409, Vol. 15, No. 4. April 1993.