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Abstract

In this paper, we discuss the design and implementation of a Field-Programmable Gate Array (FPGA) based stereo depth
measurement system that is capable of handling a very large disparity range. The system performs recti cation of the input
video stream and a left-right consistency check to improve the accuracy of the results and generates subpixel disparities
at 30 frames/second on 480 x 640 images. The system is based on the Local Weighted Phase-Correlation algorithm [9]
which estimates disparity using a multi-scale and multi-orientation approach. Though FPGAs are ideal devices to exploit
the inherent parallelism in many computer vision algorithms, they have a nite resource capacity which poses a challenge
when adapting a system to deal with large image sizes or disparity ranges. In this work, we take advantage of the temporal
information availablein a video sequenceto design a novel architecture for the correlation unit to achieve correlation over a
large range while keeping the resource utilisation very low as compared to a naive approach of designing a correlation unit
in hardware.

1. Introduction

Stereo disparity estimation is a prime application for embedded computer vision systems. Since stereo can provide depth
information, it has potential uses in navigation systems, robotics, object recognition and surveillance systems, just to name
afew. Due to the computational complexity of many stereo algorithms, a number of attempts have been made to implement
such systems using hardware[2, 11, 15, 20], including recon gurable hardware in the form of FPGAs[7,12,21,13,19,6]. In
related work, [1] implements Lucas & Kanadeoptic ow using FPGAs. Solutions based on recon gurable hardware have the
desirable property of allowing the designer to take advantage of the parallelism inherent in many computer vision problems,
agood example of which is stereo disparity estimation.

While designing with FPGAs is faster than designing Application Speci ¢ ICs (ASICs), it suffers from the problem of

xed resources. In an application based on a serial CPU or DSP, one can typically add memory or disk space to allow the
algorithm to handle alarger version of the same problem, for example larger image sizes or increased disparity rangesin the
case of stereo. System performance may suffer, but the new system still runs. In the case of FPGA-based systems, thereis a

nite amount of logic available, and when thisis exhausted the only solution isto add another device or modify the algorithm.
Not only is this costly from the design point of view, but may also involve the additional design issue of how to partition the
logic across several devices.

In this paper we present the development of a versatile real-time stereo-vision platform. The system is an improvement
of an earlier one [6] and addresses speci ¢ limitations of the previous system; capability to handle very large disparities,
improving the accuracy of the system by pre-processing (input image recti  cation) and post-processing (consistency check),
and nally the ability to handle larger images. The highlight of the work is the development of a novel architecture for the
Phase Correlation Unit that can handle the correspondence task for scenes with very large disparities, but without increased
resource usage on the FPGA, as compared to [6] which is capable of handling a disparity of only 20 pixels. The key to
achieving large disparity correspondence matchesis the use of a shiftable correlation window, the Primary Tracking Window
(PTW), that tracks the disparity estimate for each pixel over time, as well as a secondary roving correlation window, (SRW),
that explores the correlation surface outside the range of the tracking window in order to detect new matches when the
tracking window is centred on an incorrect match. The basic assumptionisthat, in most cases, disparity values do not change
radically between frames, thus allowing some of the computation to be spread over time.

In Section 2, we brie y outline the technology used in this work and the platform used for the system development.
In Section 3, we cover the theoretical basis of the phase-based stereo algorithm and then describe the architecture and
implementation of the system. A detailed discussion of the development of the novel architecture for the correlation unit
and its versatility is presented in Section 4.



1.1. PreviousWork

A variety of recon gurable stereo machines have been reported [19, 13,21, 7, 12]. The PARTS recon gurable computer [19]
consists of a4 x 4 array of mesh-connected FPGAs with a maximum total number of about 35,000 4-input LUTS. A stereo
system was developed on PARTS hardware using the census transform, which mainly consists of bit-wise comparisons and
additions [21]. Kanade et al.[13] describe a hybrid system using C40 digital signal processors together with programmable
logic devices (PLDs, similar to FPGAs) mounted on boards in a VME-bus backplane. The system, which the authors do not
claim to be recon gurable, implements a sum-of-absolute-differences along predetermined epipolar geometry to generate
5-hit disparity estimates at frame-rate. In Faugeras et al.[7], a4 x 4 matrix of small FPGAs is used to perform the cross-
correlation of two 256 x 256 images in 140 ms. In Hou et al.[12], a combination of FPGA and Digital Signal Processors
(DSPs) isused to perform edge-based stereo vision. Their approach uses FPGAsto perform low level tasks like edge detection
and uses DSPsfor higher level integration tasks. In [6] adevel opment system based on four Xilinx X CV2000E devicesis used
to implement a dense, multi-scale, multi-orientation, phase-correlation based stereo system that runs at 30 frames/second
(fps). It is worth noting that not al previous hardware approaches have been based on recon gurable devices. In [14], a
DSP-based stereo system performing recti cation and area correlation, called the SRI Small Vision Module, is described.
ASIC-based designs are reported in [17, 2] and in [20] commaodity graphics hardware is used.

2. Recon gurable Computing Platform
2.1. Field-Programmable Gate Arrays

An FPGA is an array of logic gates whose behaviour can be programmed by the end-user to perform a wide variety of
logical functions, and which can be electrically and quickly recon gured as requirements change. FPGAs generally consist of
four major components: 1) Logic blocks/elements (LB/LE); 2) 1/0 blocks; 3) Logic interconnect; and 4) dedicated hardware
circuitry. Thelogic blocks of an FPGA can be con gured to implement basic combinatorial logic (AND, OR, NOR, etc.gates)
or more complex sequential logic functions such as a microprocessor. The logic interconnect in an FPGA consists of wire
segments of varying lengths which can be interconnected via electrically programmable switches which allows for exible
connections between logic elements and 1/0 pins.

Most modern FPGAs also have various dedicated circuitry in addition to the programmablelogic. These comein the form
of high-speed and high-bandwidth embedded memory, dedicated DSP blocks, Phase-Locked Loops (PLLs) for generating
multiple clocks, and even general purpose processors. The FPGA we are using in our system, the Altera Stratix S80, comes
with three different memory block sizes; 512 bits, 4 Kbits, and 512 Kbits for a maximum of 7 Mbits of embedded memory
and 22 DSP blocks consisting of multipliers, adders, subtractors, accumulators, and pipeline registers. Figure 1 (a) showsthe
layout of the Altera Stratix S80 chip [3].

Logic Array DSP Blocks
Blocks
MegaRAM ™
Blocks
Phase-Locked
Loops \.
110 Elements.
M512 RAM MAK RAM
Blocks Blocks

Fig. 1. (a)Architecture of Altera Stratix FPGA [3]. (b) ANONYMOUS SY STEM NAMErecon gurable computing board [8]



2.2 ANONYMOUS SYSTEM NAMERecon gurable Platform

The X[8] is ageneralpurposerecon gurableprototypingsystemcontainingfour Altera Stratix SBOFPGAs.The boardhas
speci ¢ featuresto supportimageprocessingand computationavision algorithms;theseinclude dual-channeNTSC and
FireWire cameranterfacesyideo encoder/decodaship, and2GB of DDR RAM connectedo eachFPGA.EachFPGAis

alsoconnectedo the otherthreeFPGAsthroughpoint-to-pointbusesanda PCl interfaceis providedto communicatewith

theboardovera network. This canbe usedto sendcontrolsignalsor for detugging.Theboardis shovn in Figurel (b).

3. LargeDisparity Stereo-SystenDevelopment

The systemimplementedn this work is basedon the “Local WeightedPhaseCorrelation” (LWPC) algorithm[9], which
estimatedlisparity at a setof pre-shiftsusing a multi-scale,multi-orientationapproach A versionof this algorithmwas
implementedn [6] but thesystemis limited to handlinga maximumdisparityof 20 pixelsdueto resourcdimitationsonthe
FPGA.In the currentimplementationwe usetwo shiftablewindows in the correlationunit to increasethe disparityrange
of the systemto 128 pixels (theoretically the systemcanbe implementedo handlea disparityrangeaslarge asthe image
width) withoutanincreasen resourcausageThereis atrade-of betweerthe maximumdisparitythe systemcanhandleand
thetime to initialise the systemin the caseof large disparitiesor recover from a mismatchtypically in therangeof few tens
of milliseconds.

3.1 Temporal Local-Weighted PhaseCorr elation

Basedon theassumptiorthatat video-rate(30 fps) the disparity of a givenpixel will not changedrasticallyfrom oneframe
thenext, we usetemporalinformationby performinglocalisedcorrelationusinga window centredon the disparitya pixel is
expectedo have atthecurrentframe.Thisis discussedurtherin Section 4 wherewe describethe architectureof the Phase
Correlation Unit. Disparity calculationsare performedat threescales( ) andin threeorientations( . ),
the resultsof which are summedacrossscaleand orientation.The expectedinterval betweenfalsepeaksis approximately
the wavelengthof the Iters appliedat eachscale. Thusthe falsepeaksat differentscalesoccurat differentdisparitiesand
summatioroverthe scalesyieldsa prominentpeakonly atthetrue disparity[9]. asshavn in Figure?2.

Fig. 2. LWPCtendsto cancelerroneousnatchesacrossscales|eaving only thetrue matchaftervoting.

The LWPCalgorithm,re ecting theincorporationof thetemporalinformation,is asfollows:

1. Createa Gaussianpyramid with total numberof scales for both left and right images.Apply spatially-oriented

quadrature-paifters [10] to eachscaleof the pyramid. If is the lter impulseresponsef the th orientation,
thenwe canwrite the complex-valuedoutputof the corvolution of with eachscaleof the left andright images,
and , as

and



