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Abstract

L this article, we deseribe some of the algorithms for Depth
and Maotion analysis which hisve been developed within 1s-
PRET progect 910 Specilivally we discuss edge detection,
tohen tracking e sequenves of images, and trinocular sterco
Tliese processes are beng naplemented in hardware o form
the core of the DAL machime which we are developing and
will prosade soplusticated real time Vision capabilities Tor a
L prer variely ol Kol s tisks

1 Introduction

Phee Fsprnt Progeet 910, called Depth and Motion Analysis
(DN, s cnropean project imvolving a number of dus-
trial and acadenie partners from three different countries:
Prate e, Great Brotain, and Haly The DMA project started
i June 1986 with three main objectives:

1 Dlevelop algort e sulutions as general as possible to
thie general problen ol three-dimensional dy namie anal-

yuin,

2 dmplement in hardware a subset of these algorithing
amd construet a maching, the DMA machine, with a
thronghput sullicient for accomodating o wide range of
Viston applications,

4 Demonstrate the feasibilivy of the approach for two ap-
pheations:

() The recognition, location, and handling of parts
For an industrial assembly cell,
() Uhe navigation und exploration in an ollice envi-

rommnent of a mobile robot

1o s article, we concentrate on points | and 2. The reader
witerested i the latest results on pomt 2.0 s referred to
[N LAY

Inieg the nrst two years of this project, we have carried
ol preat deal of research on Stereo and Motion analysis,
I'he Stereo work has been performed with the idea of ob-
Caring accurale range maps Lo support surface and volume
ropresentations of the olgects and the environment.  The

P work was supported Ly Fapnid neder preject 940

lLaly
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Motion work has been performed mostly with the idea of
abtaining the cgomotion of the robot, but al 1, and then it
15 based on Stereo, with the guh] of ubtaining a rull!)‘ de-
tarled kinematie deseription of an covironment i which not
only 1 robot, but also other clyects are moving. In both
cases, Lhe siame tokens are extracted from the mages and
used s inputs to the Stereo and Muotion pirocessors

Tlos paper 15 then organized as follows in sections (2,
3, 4), we describe the algorithing we lave dowcloped: for
extracting tokens, tracking tokens over e al Stereo.
I section (5), we explain the lindware stinctuee of the
DMA macdone and the mplementation o the algorithims
described in sections 2, 3, and 1

2  Fxtraction of tokens

The decision was rapidly made to focus on only one sort of
Lohen, namely edges becunse they can be reliably, robustly,
and aceurately extracted from sequenes ol unages, Other
tolens such as rvginna‘ were not considered Laanse of their
much lower reliability  Tntensity edpges were thought to be
sufficient for the applications i man e environments
where textures, for example, play a lesser role

Lidges are dotected by grachient computation, using the
technique develuped by Cuanny ([Canst]) and further im-
proved by Denhe ([Des]) Il particnlar, Deriche has
come up with a very simple recusive implementation of the
filters which unfortunately las not been put in hardware for
technological reasons. The magor ideas of the method are
as follows

2.1 Computing the gradient

The gradient of the intensity surlace [(r y) 15 the two-
dimensional veetor G(z,y) [ (r,y), ";:r(.r, y)|" and is per-
pendicular to the direction of the edge 10w defined only
for smooth surfaces and we cune. 4 smoothed version J
of 1, ubtuined by convolving it with i amwothing inpulse
response W (x,y):

Jz,y) 1w K(ry)

The two-dimensional impulse response R (£, y) s built
fronn o one dimensional response hi(r) derived by Deriche
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1Der8T| whose expresssion 1s:

wlz|

hle)  Are
where 4 amd o are constants; o controls the width of the
lilter  Thas filter computes a smooth derivative, therefore
the prinmtive k(e) of h(z) is the unpulse response of o
stwothing lilter and we can Lake K{r,y) - k(r)k(y). Since
hir) Lk(z), by applying the convolution theorem Lo
e hir, y’] we have.

S UG K(EY) ~ 1®h()k)
,j’ (lew K(x,y)) = f@&{:}h(y}
dy

The gradieat of J can be computed by convolving the
rows (resp. the columns) of J with h and k.

The advantage of this approach is that the filtering op-
erithiane, required to compute the gradient of the simoothed
tnage are separable (e row, columns) and therefore one-
duncnsional which is extremely efficient in terms of com-
putation. The disadvantage s that the smoothing is non
otropie: the directions 457 and 135" undergo more smwoot h-
g than 07 and 90° and it is expected that edges in these
dhirections will be detected more accuratly than in others,
the worst being the case of 45° and 135°
2.2 Finding edge pixels
Havig computed the gradient at each pixel m the image,
potential edge pixels are seleeted by choosing taese which
e o al maxima of the gradient norm in the direction of the
prhient Thas s of course a consequence of the of the fuct
that at an edge, the gradient is normal o the o - and s
nor reaches there s local maximum aalung a4 Cruss-sceebion
tahen alon s its direction

When dealing with discrete images, Lo decide whether a
Losoa local maximum of the gradient norm in the
dicection of the gradient G we have to do two things:

el

I Decide on the size of the neighbourhood of A within
which we wish it (o be a maximum ;

2 mince the direction of the gradient does not full neces-
sarily un real pixels, we must interpolate the gradient
values which are known only al the pixels

Iy vur unplementation, the neighbourhood is taken to be
the 3« 3 neighbourhood of pixel A and gradient values are
hinearly nterpolated . For example, in Pigure (2.2), the gra-
dicnt norm al pixel A s compared Lo the gradient norims at
ponnts  and € where they have been computed by linearly
wilerpoluting between the values at pixels Ay and Ay for 1S,
ad Az and Ag for C. I the value at A s strictly more than
the values at 8 and €, then pixel A s warked as an edyge
|um-|_ ol herwise nol,

o du practice, this s not sullicient because Loo many edge
ponnts are detected, especially in regions where the contrast
IT we want to cut down oo the number of edge pixels,
we st add some thresholding operation. Thresholding s
a plague which pops ap in any arcas in engineering but
in to onr knowledge unavoidable and must be tackled with
conrage  Here the ddea st keop only the edge pixels for
whih the gradient norm s abiove some threshold T 11 we
sel 1 oo low, then tou nany pisels are stll present and (f
we sel it too high then conmected hiaing of edge pixels start
breaking ko siadler cliams wineh s highly undesirable
liow we choose T'7 There

I~ IUW

The basic question therelore s
I hikd l;nmi answer Lo this ueston and the choice of T must
be gurded by the appheation and the ghtuing conditions.
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A variant ol this thresholding wdea has heen introduced by
Canny (|Can86|) and is called hysteresis thresholding 1 is
teant to heep the edge pi els connected as mnch as possible,
To uchieve this goal, we use two thresholds T and T3 with
Ty < Ty I we think of a cham of conneeted edge pixels as
a whule Lhen, if for vne pixvl i Lhe ehain the gr:ulirnt norm
is higher than 1%, we will keep all pisels i the chain with a
gradient norm larger than the lower theeshold Ty,

2.3 Linking the pixels together

For reasons of compactness, and because the processes that
come after the edge detection do nov muanipulate anything
but the edge pixels, it s reasonable to abandou the image
grid by linking together the connected edge pixels and keep-
ing ouly the connected Chains. These chiains can be xtracted
from the binary edge map produced ws ndicated in the pre-
vivus section by a simiple raster scan algorithm fore which it
15 mli)’ necessary Lo t'J([-lurl' Lhe illl.'lgl' once, he details of
the algorithin are given i [Cirs7|

2.4  Approximating the chains with line seg-

ments

As uomeans of reducing the idormation even turther, we
have implemented an algornthm that compites i polygonal
approximation of the edge chains. This algorithm was orig-
inally developed by Berthod (|Berso))

3 Tracking Tokens

Given a sequence of images, in order to i the egomotion
of the robot, one has w establish correspondences between
tokens o images taken at dillerent e ([FLT8T7]). This
can be achieved by trackig woving alijects we the scene.
Our approach uses Lthe line seginents correspoding to the
edges extracted from the scene (sce section 2) However, it
15 worlthwlule Lo note that other tokens sucl as points of
interest (corners, triple poiats ) can be considered without
alles ting deeply the algorichg,

Our tracking approach is based on oo combination ol a
prediction step and a matching process. Kalman filiering
i used to help teacking by providing reasonable estimates
ol the region where the matclimg process has to seck for a
pussible mateh between tokens  Tlas wlea s quite general
andd has been used at several powits i the DMA project (see
[AFBT AFSEE|, fur example)  Correspondences i the search
area are found theaugh the use ol awsinnbanty Tuoetion based
on features oF the line segmonts When working with a
large sequence of Trames, it s possible that some objects
may appear or disappear totally or partiadly | our Kalinan
filterimg based approsch allows us o ladle s problem of
occlusion o vl live way since it produces a prediction of
the muotion
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S0 Prediction

Lo i tohen (e line segient) s characterized by the fol-
low i live pacameters

o 1l orentation @ of the line segent,

o Phe magnitude of the gradient along the line segment

o The length Loof the hine segment.

o The distance of the orgin to the line segment denoted
by the parameter ¢

o T'he distance denoted o, along the line from the jpreer-
pendicular intersection to the midpoiot of the segment,

A Walman filter is used o aid tracking by providing rea-
sonithle estimates of the region where the mateling process
las 1o seek for a possible match between tokens. Kalman
lilterig 1s a statistical approach to estimate a Linie-varying
stule vector Xy Trom noisy measurements Z;. Vor an excel-
lem exposition, see [ Jaz70].

Constder the estimation of Xy ¢ from the measuremnents
i Lo the istant 4, Kalman lltering 1s a recursive estimialion
scheme designed to mateh the dynamie system model, the
statties of the error between the model and reality, and
the uneertamty associated with the measurements,

tonre approach, a Kalman filter 18 used separately on
cachi ol the live parameters defined above to estimate a state
voector which is simply the time viaeying motion parameters
al interest namely the position, the velocity and the sceel-
viabion o the parameters ¢ and d, the angular position
andd s cangulae velocity for the parameter 8 and only the
posatian for the parameters length Loand magnitude of the
prahent € assumied Lo be constant.

The Walan llter equations used i this paper invalve
diwrete e steps: State vector notation is used such that
L (0, L) s the position, veloeity, and acceleration
ol the prtbainieler voanstdered { el @ Lo (a'j al the .i'l'h Litne
step e Kabman ilheer can be viewed as consisting of the

lolloow g stepes:

o The model of the syslum dynatnics is:

Npo by X W
The ereor of the model from rt‘ulil.)' s si\ﬂ-’l‘l II}' H'“ a
serommean white Gaussian process of covariance Qg ¢
WD) 0 Wy -
My s a matrix which evolves the position x, the ve-
locity £ and the acceleration r from one time sample
to another. 1L s casy Lo verify thal assuming a motion
with constant aceeleration leads to the following miatrix

"l’.\i
1A B
Doy 0 1 At
0 0 I

Thias s the well known (-(||.mlinn ul a llruppl.'d nhjm‘l. [or
it ilerval At

o The measurenent model used is:

Zi o X W

where Zp s a vector of measurements with an uncer-
tamnty Vyassumed to be o zero-mean Gaussian process
ol covariance K.

l‘l’{

E(V) o, B
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When H s the wentity matrix, the measurements cor-
h.'h]lllllll direct |y Lo the stale vector

Liv our appheation, the measurement wodel 2, assumes
thut the position ¢ (1e the valoe of o d, 8, L or ()
15 measurable from the wotchimg process while the ve-
lovity £ and the acceleration £ are not. Therefure 2
is the scalar corresponding o the position = and 1
is simiply the nncertainty on r Choosing this uncer-
Laluly 1t 4 thanner telle Ling our i ;-rlnri esthnate of
the amonnt of poise to be expected Trom the previous
step ( Digitizing effeets, edge detection and poly gonal
approximation) leads to deal with o siall uncertainty
for the parameters ¢, 0 and @ and a large uncoctaity
for the unreliable parametees L oamd o due wo the ran-
dom elfects which break hine segnwnts

e State prediction.

-"'f,n i P l-tc 17 1

After the messurement at tune 1 has been done, this
tune update equation predicts the system state at Lune
t from the estunated values of the system state at Lime
t-1. In our application, this cquation predicts the value
for x at time  from the informations avalable at time
t-1.

e Covartance prediction for state vector
. T
Py = Do Py P Qe

This equation gives the statistics relating the estimated
state vectors to the unmeasurable eal state veetors.

e Covariance prediction for the measurement veetor:

U||“ 1 ihl"‘;‘; |”;r | Mg

IThis cquation gives the statistics of the estunated
model measurement. o our apphcation, it determines
the search area for the matlong process

IS aliman Cain:

. T T i
Ko = Poye U7y 1 B
This equation indicates how much to weight each new
measiurement. Note that a small ancertanty 1 ( pre-
cise measarement ) causes a large weighting K and
therclore leads Lo a corrected state estimate determimed
tainly by the measurement. A large uncertainty f
canses a small weighting K.
® Stale correclion :
Xijo= Xepo ot KlZe Xy, )

This equation 1s used o update the state model.

Covariance correction :

lllr‘l Kr”l*”:;t I

This equation s used Lo update the statistics coupling
the estimated state vectors Lo the unmeasarable weal

Py

stule vector.,

Clovariance correction on the measares
”u‘r g h.z-r"“l-rj
T'his equation is used to update the tatisties coupling

the estunated model measurement alter the measure-
ment atl tirne L has been done

I all the equations the "t /6" ndiwates an estunale at
time £y after a measurement at tine ty has provided more
wformtion. In our application, a new measurement s con-
sulered cach time a correspondence lias All the
above cquations completely deline the lodman iltering we
wste i e prediction step

e done
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3.2 Matching

For vach token of the mage maodel, a selection of the re-
pron where the matching process has to seek for a possible
msteh between tokens s provided through the use a sinl -
iy e tione Phis Tunetion uses the uneertainties provided
by the Balinan li|er|I||g step ol ea h estimate. It allows Lo
keepronly the tokens within the search area. A score for cach
cotrespondence s then calonlated i order o disambiguate
sutne possible muluple watchies, using s ditference measure.
Toths end, we use o normalized distance between the Lo-
hens defined as a weighted sum of dilferences between the
tespecbive paratieters values. Onee a token from the cur-
rent frame has been matched, we use its parameters as a
new measure, lirst to update its corresponding stale vector
aned second o provide the search area where the matehimg
provess has to look for a possible mateh between the unage
low model and the next frame

3.4 Bootstrapping step

First at ¢ O and belore the tracking algorithm can operate
thit i3 i the bhootstraping step and each time that a new
tohen appears, thie mateling algorithim has no idea where to
laok for the matching provess. Therefore, a set of wntial po-
sttion velocity and acceleration guesses is used o initialize
the tracking process “Phis s done by choosing somewhat
position velocity and aceeleration
bt assigning large uncertamty so these initial values will
not e weighted heavily as the measurement process contin-
In our apphieation, the position is sel Lo be constant
while the veloeity and the seceleration are set to sero,

ned through a sinple set of
attrihute tests usimg the result of the Kalman filtering. For
van b token ol the nnage How model, represented by a feature
vevtor of 5 components, we wish Lo know which token might
correspond Lot This is done through the use of a simple set

arbitearily values for th

s

The search arca 15 Jdetern

al areeshite tests using the current values of the mweasire,
the expected value of the component and 1ts uncertaimty
This leads to caleulate the Mahalanobis distance, explained
helow, for cach components and Lo declare a oken of the
new Trame side a search area if all the distances are less
thin a fixed threshold.

The correspondence 1s controlled by the use of a normal-
veed distance based on the atiributes of each Line segient.
This distance works as 4 cost function. It is calculated for
each possible mateh and the best score is used Lo validate the
most consistent. In selecting a cost function for correspon-
deneces, we wanted to take mto aceount the distance between
the respective parasmeters values and the uncertainly asso-
ctated with each paranwter. A good measure s then the
soccalled Mahalanobis distance. 1L weights cach dilference
teasure hetween the new token and the estimated token
by the uncertinty of che estunated token 1t s defined as
lollows

Lot vach new token, assued from the matching process, be
tepresented by a feature vector of N components denoted
Sl the estimated token represented by T with an un-
cerbinty A The Mabalanobis distance s then defined o
I-l'

MU, 1) (T T)'A YT - T)

The dillerence between 1, and 1, 15 casy to calculate for
the Length, worme grahient, ¢ and d components. o order to
doal waitle the problem of the dilference between two angles
Uy el U2, the costue of the dilference has been used.

3.4 Experimental  Resualts  of  the  Token

Tracker

Experiments have been carried out widh the proposed Lo
hen tracking approach. The trachking algoritho his heen

38

apphed to several sequences of real images taken from i
tiobale el

I P
iostuLIn e of 3 WS

1 to 3 are shown the eatracted hine segments on

Figure 12 Frame number |

Figure 2. Frume number 2.

Figure 3 Frame nmber 3

The tracking s llustrated the ugh the mnbers assigned
to cach line segment A close look at the results reveals how
surne line segmients can appear or disappear A new label s
allected as soon as a new seginent appears and the process
continues without altecting the trackmg algorithon A label
courresponding Lo a good corpeapondence remains during all
the process while Filse correspondences are removed alter
thiree frames generally. 10 shoukd e pointed out that the al-
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gotithne can cope with hne segments moving with ditferents (¢, 4,00 ) The mtercction of this epipalar plane with
wishions TPhis illustraces the elliciency of the used approach cimera s the eprpolar line L, wlole its intersection with
camers g s the epipolar line D, D, and D), are called
conpugated epipolar lines. Auy point 1, on 1, (resp. 1, on
1,,) his its homologous image poant 1, on D, (resp 1, on
1,,). Therefore, using two cameras, the scarch for homol-
Ogous tnage puints 15 a search along conjugated epipolar

4  Stlereo

41 Molivation

W developed at INRIA an algorithin for the matching of lines
tepders of stereo-images. 1 has the following charactenistics. Aay triplet (1, Iz, ) ol homologous image points 1s such
that 1) hes at the intersec tion of the epipolar lines Dy and
1 lurs Trinocular Stereovision method on indoors and Dy defined by the two other image pots 1y and Iy There-
wdustriad scenes (which s the primary interest for 155- fure the scarch for homologous mage points belween two
PRET P90 Consortium) which have the peculianty of inages can now be reduced Lo a sunple vendo ation at a pre-
laving o lot of depth discontinuities. cise location in the third iage For instance checking that
(1 42) Torm a pair of homologous iage points consists in
2 oworks faster than binocalar stereovision, if ane ex- verifying the presence of Iy ab e intersection of Dy oand
cludes the image preprocessing (edge extraction and D

linkimg) which nst be performed in parallel for cach
age Typically less than 2 sec ale : , . {
I&:Il:l:;;:m.lljpn ally less than 2 seconds Lo mateh abont 3 4.3 Structuring the images

4.3.1  Tokeus to he matehed

S can b nnplemented i parallel weoa st aghtlforward

Hanner The basic idea of the approach 15 1o avord Lo work direetly

at the pixel level but mstead to extract visual tokens and

i I is e robust Lo errors than binecular stereovision tu buld a symbule data structure from cach of the inages.

because noisy or vecluding. boundaries which are ol- These data structures can then be matched much more ef-
ten nnsmatehed by binocular stereovision, are rehiably liciently and safely than the orginal pusel grids

checked by the third canwra On the choice of the extracted tokens, some nnportant

) prosgcaties must be fullilled “The tokens st be
B as as general as ohe method for two cameras

1. Compact, to allow for a concise deseription of the
inages, and Lo reduce the complesity of the stereo-
matching algorithm.

The entire trmocular approach as well as most of the
abitaimed experimental resnlts are reported in other papers
ALRTa, and also m |[ALETL| Here, we give only a synthetie

preseutation uf the trinoenlar approach and the resuls 2. lotnmsie, e they st correspond Lo the projection
of some phiysical object, in order Lo make the stereo-
4.2 Geometry of Trinocular Stereovision matching process meanminginl
Figure 1 shows the geometry of trinocular stercovision. We 3. Robust to the acquisition noise.
live three cumeras, modelled by an optical center ¢ and
an nmage plane ) Given a physical point P, its nnage on A0 Discriminant, Le. possese suinie propertics which distin-
oot s delined as e mtersection of the straight line guish them from one another, to Faeilitate the matching
P winh the nnage plane 1) Let us denote £, ¢ 1,23 provess.
the inmage of 1 on camera oo g by are called homologous )
aRe points 5. ll.rt'.l_‘l:tl.!l)f located, Lo allow for aceurate 31 reconstrie-
Lian.
” 6. Dense in the image, to allow for the computation of 31
A puints in every part of the scene.
r‘/ "
/ We chase as tokens the lincar segments coming from a
| / polygonal approximation of the edges (see section 2).
[ ! .0 // In our opinuon, ih‘usr tohens Tullill very well the |irs!. 5
et / properties, and relatively well the 6t property, depending
XX ]f’u.- f,’) o the amount of texture e the observed seene. Auyhow,
\] as 1L 18 not possibioe o derive meaningnl 31 measurements
'j““ \ within uniform region, we helieve that these tokens repre-
\ sent an alimost optinal solution
!I.’ \ (‘.
.' o, 4.3.2  Neighborhood Graph
1 ;
I ' 1, \: Dy We {']Ii_lll:il_.' Lo strocture Lhe svpents by a + ghborhood
2 ' I Fiys graph. T'his data stracture s usclul Tur
! o accessing the scgments lymg witlon o given region of
1, the image and having a given orientation
{10

o a st conaisteney chedk b remeve any  remaining

. - 2 e mudching errors
Figure 1 Geometry of trinocular stercovision

The lll'i{;lllal,rllljlall gmph 15 detined ij} a sel of nodes con-
Caven o par (1, 4) of cameras and a physical point A, nected by edges. A node contims a segnant and the geo-
e |-]||jm|.'|r |||.'|l||: f'” is delined hy Lhe I;lplvl ol ponnls vietere amd Tunimance based Jrooprertes ol this seginent. An

39
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vilge connect two nodes corresponding to neighboring seg-
menl= i the image.

T'he computation of this neighboring graph is done in time
hvar with respect to the number of segments thanks to the
s ol buckeling technigues.

uckets are compited o the following manner: we su-
penimpose a virtual grid composed of square windows on
the image and compute, for each window, the list of seg-
ments mtersecting it T'his structure is computed in linear
titne with respect to the number of segnients. Moreover, al
the expense of a unigue prelininary sorting of the segments
orentations (done with algorithmic complexity O(nLogn)),
buchets are actually filled with segments sorted by increas-
g urienlabion,  Accessing i segment 1o 4 given regicm of
e unage and having a certain orientation is then reduced
1o a dichotomy search i each bucket of the region.

The previous report shows an example of the computation
of Lachets and neighbors.

4.3.3  Matching Algorithan

The scheme of the algornhm is the following:

J' l{ .r !

o lypotheses Prediction and verification: tnplets of po-
tenttal matehes are derived from the previously con-
strncted graphs by sunple geometric venifications, of
the kind expressed e the previous section.

o lypotheses Final Vahdation. local consistency checks
are performed Lo remove erroncous matches at the end
ol the previous stage.

The algorithm works as Tullows (see ligure 4):
for cach segment Sy of image | do

consider the segments Sy of image 2 intersecting
the epipolar hine Dy corresponding to the middle
1 of 8y within a given disparity interval

il 5y's features (angle, length, gradient) are com-
patible with S;'s then do

compute the intersection Iy of the epipo-
lar hwes Dy and Dyy of 1) and I3 in
mnage 3, and compute the predicted ori-
entation of a malching seginent;

if a segment Sy lying within a given
neighbourhood of Iy whose orientation
is compatible with the predicted orienta-
tion and whoses features are compatible
with Sy and Sz then

keep (51,52, 54) as a potential
matching triplet,

Discussion of the constraints enforced on each segment
leature and of the meaning of neighborhood, as well as
a deseription of the validation procedure can be found in
| \|.ﬁ?n,.\|.87bt.

144 Results

The stereo-matehing program has been Lested on several
seenes including indoors and outdoors scenes and scenes
with andustrial parts and typical objets (sphere, cylinder,
||||l"]

We deseribe first some indoors examples,

We tuke 6 different triplets of wmages from dilferent po-
ations of the mobile robot. Figure 5 shows the polygonal
approximations of the edges.

40
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@

[rilad

|

|

; HJ

3
@mral P» . .

Fignee 50 The polygonal approximation ol the edges for six
toplets of images of an ndoors scene (part of the INRIA
l.lllnl-llnl‘\']

I general the number of errors 1s less than 2 pereent of
e total uumber of matehes. As it is shown in figure 6
wie hiave been able to compute a 31 description of the entire
rowtny from the G different teiplets. Tlas imiplies in particular
that we have been able o compute the displacement of the
catneras i the six dillerent positions

Finally, we also show results on a curved object:a eylinder
(FFipures T and 8). This example shows that the method sull
works acceptably on scenes with only curvilinear edges.

5 llardware architecture

Tl above research clearly reguires an application environ-
tient with real time capalnlivies, and within the project par-
Heular attention has bheen devoted o this target to achieve
the aviilababity of a performance suitable for quite demand-
i apphications ke a mobile vehicle moving inan indoors
coviramment or a manipulating arm deabing with industrial
BT ITER

Although the project has covered both low and high level
tapies, the hardware nnplementation has been focused par-
Hicularly on lower and intermediate levels of the process, so
DIAEA wiay e defined as a Tront-end processor will nutber
cennching capabilivies i the range of the billion of oper-
To aclueve a full process nuplementa-
o ane luding also the lighor levels, DMA is interfaced Lo
a host mualuprocessor (hke EMMAZ [ABCCES| developed
Ly Bt wr CAPITAN lil'\‘ulupuﬂ by le\'l‘“.r\} for most
detandhing applications

alis prer seconsd

Lor DMA development the basic starting hy pothesis has
Lo to deline an “open™ architecture, with the possibil-
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Fignre 6. Top view of the laboratory obitained from the six
previons ohservations

iy of mtegrating also modules availlable from the market.
Othier magor hypothesis bave been modulunty and flexibil-
ity of configuration, to achieve clliciency abio with different
real vme requirements and pernaaimg the nopdomentation
ol additienal improvements to tie algorithe chain

o terms of performance the relerence target has been the
TV video rabe ab least as a miediam termn goal, Lhat means an
architecture able to support such throngliputs, while for the
processing modules presently the range 5 25 [rames /second
has been considered as a good refereuce given the class of
algorithms that Lave been investigated

5.1

General architecture

The hardware arclutecture is shown i Figure 510, for u
conliguration able to support 3 TV cwmeras; it is obvious
that great attention has been devoted wo the conmunication
bandwidth, with three different link types:

o A general purpose bus: we cliose UME fur its lugh
bandwidth associated o a worldwide dillusion, which
mnphies a wide avialability of commeraal modales that
Ty be wncluded on e Uhl-’\', ot Lhe atlier Toand tlas
cholce permits an casy integrabion of the DMA into
several host environments.

This bus is used for most inages transhers concerned
with format no longer “raster scan”,  Depending on
the data rate requested by a specilic application, the
process can be spread on dilferent VME buses.

o A video bus for high speed transfers of the images
in raster scan format, here the choice has been for
the compability with the Max-bus (developed by Dat-
acube), that supports conmunications according to the
RS1T0/CCIR standards as well as the transfers of por-
tions of iages (defined as Kegons OF Interest),

Some private wter-board Tnks wsed for elicient local
cotmunications between identiea) modules that work
i pariallel
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Figure 8: View from ubove (a) and from the side (b) of the
3D segments reconstructed from the stereo triplet

Figure 7 Edges (a) and stereo matches (L) of a triplet of
nnages of a eylinder
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With the  above  commumcastion  system  an overall
hromghput e the range of hundreds of ML, tes/sec may
e acheved

Conng now Lo a more detaled analys of the DMA process-
vy elemients, aliest constderation 1s that the dedicated hard-
ware has been hoited to edge detection and token tracking,
while the mtermediate processing sections make wide use of
progratmnable Digital Signal Processors o permit a good
Hesbahity i the algorithiome unplementation and mainte-
ane

We now discuss the dilferent modules
5.2 Cameras
Most requirerments on s subject come from dynamie un-
TR .n':|l1i.‘illiul| of IIIDViIlg seenes, where the scene blur re-
duces the accuracy of the edge extraction process. To limit
the Blur, an offective solution 1s Lo adopt of cameras with
an electronie shutter, something that is now supported by
wany manulacturers; the lower lunit of exposure Lime is usu-
ally around 1 omsec, to sull guarantee an aceeptable signal
Lo nonse rabio,

Another feature of Tundamental importance is the com-
pability with non-interlaced cameras, to achieve a full frame
aperation also in presence of motion, while with standard
catnerias 1L s necessary to work with ficlds Lo avoid image
shults between odd and even lines.

As a conclusion, the DMA supports RS1IT0/CCIR stan-
dhards s well as most common non-standard cameras with
PIORFESSIVE SCatning.

lor the conligurations with more than one camera, a coin-
mon synehiromisation system is provided .

5.3 Video Digitizer

DMA nser video digitizers compatible with the above men-
toned cameras and comphant to the Max-bus communica-
Vot standard for image transfers

The resolution i 8 bis/pixel (256 gray levels), and the
acepsttion chain wcludes Teatures like imput multiplexing,
stgnal compensation, and direcCimplementation of point op-
crations by means of look-up tibles.

o1 Multifunetion Sequence Store

s wiit s not involved in the real time operation, but
1o devoted o the disgnostics and used for develupment
Jounn proses.

This module is able 1o download synthetic or known im-
ages through the VME bus, transferring them to the video
T i acquiring, if requested, results in raster scan fornuat,
ant her fundamental feature is the capability of acquiring a
wopnnee of images up to 1 see of duration, o debug motion
algorithims

e

5.0 Edge Detection

Plis function s bemg noplemented on a couple of hoards,
awchieving a Tull “I'V rate operation dealing with a Canuy
operator including a non maxina suppression Lo gel edges
with smgle prsel thickuess

Lor the Canny operator o FIR unplementation has been
hosen, due to the |)us.~il||l|ll.y of Ilighcr levels of il:Lugl'hliuh
with respect to TR alternatives.

The first board 1s a general purpose FIR architecture in-
clihing 4 10 filiters with length up to 64 taps, dealing with
¥ bt data and 8 it coellicient-, data conung fram the digi-
tizer through the video bus are liltered row by row with two
miashs (derivabive and smocadng components, operating in
parallel) and the resalts stored into an intermediate memory
bullor, addressuble by rows and columns; then the second
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phase of the liltering is perfonmed, applying the last two
masks Lo Lo mtermediate results read column by columm.

The results are avalable both on the video bus, for real
time wperation, as well as on the VME Los, maily for de-
bu,, purposes and for operation directly on standard work-
stations. The output of the flter board 1s sent to the non-
maxina suppression board, mnplemented at TV rate by
means of a 3 < 3 neighboorhood analyzer devoted o the
gradient maximum search.

5.6 Edge Linker

The algorithm to be implemented s characterized by two
major compuational steps: edge chain ereation and chiain
fusion. Wiile the first phase is easily unplementable inoa
parallel processing structure, the second one s essentially a
global procedure, requiring a high performance of the pro-
cessing clements (PE's).

The architeetural choice has been oriented to a multi-
DS structure, to achieve at the same time lngh processing
power, modul. ity of confignration and programiming flexi-
bihity, '

Ta speed-up the execution of specilic primitives each DSP
takes avantage of a coprocessor, implemented as a piggy-
back board using SMT techinology.

The DSI? selected for this architecture is the Analog De-
vices ADSE 2100, a 16 bit processor with both program and
dutia buses extended off-chip able to carry out multifunction
instructions with a eyele time down to 80 nsec

For edge linking implementation the caprocessor analyzes
i a single DS eyele the 3 < 3 neighbourhiood of a pixel,
triggering i reguested a specilic routine on the DS Tor the
subsequent chiain functions (open chan, elose cham, ete ).

Each board includes 2 DS nuits, with the possibilicy
to build-up clusters of processors where a single '12 s the
clugter master and all other PE's are slaves.

Fach DS s equipped with 381 Kby tes of high speed data
memory and 48 Khytes of program memory

The Lourd has a flexible and high beadwith communica-
ton seetion, supporting 3 buses:

o VMLE bus
e Video bus

e Cluster bus (inter-PE link)

5.7 Polygonal Approximation auwd Sterco

Matcher

Both these funcions have requircments for lugh dynamic
range and accuracy; thal, together with ood prograinming
facilities have been the key targets in tenuos of implementa-
tion hypothescs.

As fur ws processing requirements go, these functions are
quite demanding, but they may be decomposed into par-
allel processes with good ellicicncy, so the choice hus been
fur a sccond mulu-DSE architecture, based on the 24 bt
processor Motarola DSP 56001

T'his architecture 15 characterized by complementary fea-
tures to the previous ones used for lmking: in this case the
pus:&ibi!ilj‘ af COProvessors Lo been rirnp]lul‘ and we have
prefereed to merease the numiber of DSE modules on each
bourd, 4 instead of 2.

In addition, the design has been carned out considering
u luture upgrade using the Motorola DSP 96001, which will
add to the DMA machine the capability of Noating point
computations; this upgrade will take advantage of a soltware
compatibility.

The module s designed for conmmumication through the
VME Lus ouly, since it is devoted mainly to the processing of
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inages in symbolic representation, and broadcast Lransfers
are supported.

Fach DSP has dual port memories (access from both DSP
and VME), with up to 576 Kbytes of data memory and 192
Khbytes of program memory.

5.8 Token Tracker

The tohen tracker works on symbolic data (tokens are line
segiments) and so it uses the VME bus as communication
chiannel

T'he processing structure has been defined according to
the requested throughput of 10 frames/sec; this has forced
s Lo choose a more dedicated approach, but even i tlus
ciase the possibility of algorithmic improvement has been
niinbained

The module has been implemented by a microcoded de-
sipn, using a nicrocode memory addressed by a sequencer
(Analog Devices AD1401) and providing as output the con-
trol of the arithmetic sections and of four address generators
[ Analog Devices ADI410) with related memory buffers.

The user(s) of the token tracker outputs depend on the
plobial task that s nuplemented on the DMA machine; ty pi-
vl users are the stereo matcher (Lo simplify matching proce-
dures) or an additional module computing the 31) structure
direetly from motion

5.9  Supervision CPLU

This module consists of a general purpose CPU with the
function of Laking care of system start-up at power-on, while
during the normal operation performing functions of data
routing and process synchironization.

5.10  Interbus Network

For the DMA configurations with different VME buses, an
mterbus link 13 requested; depending on the general sys-
tem conliguration Whis link may concern dedicated VME ex-
panders or may be implemented using the communication
paths of the high level processor; the last choice is quite
vonventent when the host is a multi-processor.,

6 Conclusions

The DMA machiie 1s being developed by the partners of
thie project 940, prototypes of the boards will be available

and Industrial Applications OCT.12-14, 1988, Tokyo

at the end of 1988, and integration m the two parallel ar-
chitectures will start mud 1989
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