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Low Data Rate Remote Vehicle Driving

ABSTRACT

In order to rcayucly maneuver a mnotcly-drivm
ground vehicle. visual data must k supplied to the operator
as quickly md as rcrrntely as possible. Unfommwly. high
data nte communicarion chnnncls UT often mt feasible for
th is uzk. To lccompltsh m o t e driving using a b w data
fate rbuurel,video compcssion techniques must be incor-
porartd. This paper disarsses tbc m o t e vehicle driving
proMem and describes several video compression algorithms
lhat have been implmentcd on PIPE, a real -time pipelined
image processing machine.

1. Introduction

The m o t e vehicle driving d o involves an operator who sits
at a m o t e conml center pd views video images tha PR transmitted
from om or more camem mwlted on the vehicle. The operator drives
the vehicle by means of driving controls such as a steering wheel, bmke
pedal, acalerator pcdal. etc. Full-rate video fnursmission from b e vchi-
d e to the operator @s .bout 60 megabirs/second for 512 x 512
images with 8 tits/pixel a 30 f'rames/secard. However there arc several
problems with using thc wide communication bandwidth nquired for
such wnsmission. First. wide bandwidth d o communication q u i r e s
dim linc of sight between the mmsnittcr and receiver. This is mt
feasible in realistic outdoor scenarios where vehicles are likely to be
drivm behind hills and mountains and therefore hidden from direct view
by the operator station. Wide bandwidth links arc also relatively expen-
sive. Funher, even if such a link were available. full-rate video would
use up a large part of the bandwidth allocations. T h i s would be panicu-
lariy m e if there were many vehicles k i n g operated simultaneously,
where full-rate video might hll up the entire communication specmun.
Wide-bandwidth 6ber optic links also have several problems, including
limited ruggedness, difficulties in deployment and retrieval, and the prob
Icmof repairs.

Many of these difficulties can be overcome by utilizing narrow-
band radio links @maps 100 UobiWmnd). Since r k full video
required for teleoperation cannot be provided using the narrow bandlinks. efficient and effective techniques of video compression offering
compression ratios of 500:l to 1OOO:l must be developed.

2. Requirements on Vislon lor Remote Driving
A vision system that is used for remote driving can be evaluated in

terms of b w well i t permits the m o t e operator to perform vehicle
mobility and. in threatening situations. to provide for vehicle survival.
There ~ l tvarious factors that affwt vehicle mobility. The fust is the
abiity of thc operam to make trafiicabiity and movemat decisions.
These indude:

5.

Loul obstaEle ddection. ?he vision system should allow tbc opera-
tor to detectloulobstacles.
Local surface classi6cation. The vision sym should allow the
operator to determine the kinds of surfaces surrounding the vehicle.
Local surface orientation The vision system should allow the slope
of thelocalterrain to be determined visually.

Local path planning. The vision system should provide amugh
information for the opemr to perform local path planning. ?his
involves not only the ability to d e w localobstacles or classify the
localmuface, but also the abiity to obtain spatial relations among
the obstacles and the surface.

Local path following. The vision system should provide enough

iaformltion 80 8s tok able to follow ttrrain feaaues such 8s mads
of rivus.
Adfraor tht lffeas vehicle mobility is the abiity for the

apcntor to mrinuin a l ~ ~ s eof the global vehicle locotion relative to thc

muks ud the hrckgmund. as well asthe rbilityto tracklrndmorlrs over
time. A ttrird factor that &eas vehicle mobility is the ability of the
operator to mrinesinI of Epced of the vehicle.

In order to EstisQ tk rsquinmans set fonh above, two additional
ncquirements should k met Finst. the video images should be displayed
in lepl time. This means that thc opentor h u l d have the appmprilte
visual information quickly enough to that he can drive the vehicle
intemctively. Driving is typically a ncrvoing operation which requires a
fast loop involving transmittingdriving commands to the velucle. getting
innanweous visual feedback, Md using this feedback to nansmit cddi-
tional driving commands. A second rtquiremcnt is that the video
sequence that lppears on the operator's monitor should seem natural

brcLgrouod rrd l8rKlmarks. 'Ibesc include the lbiity to identify land-

(e&. smooth md conrirmous).

3. Image Compression Background
'Ibis section p v i d e s a brief survey of image compression tech-

niques. Most of these techniques have mt kcen developed in the context
of m o t e vehicle driving, and therefore many of them arc not applicable
to th is problem. OM of the goals of our study is to determine which
ones might be applicable. Thc effeaiveness of amtfedimage for
remote vehicle driving is dirtctly mlated to bow welt i t approximales the
original GCCIY.how fm it cank generated, and the compression ratio.

A class of methods known as fust-generation data compression
Wquts acbieve compression riltios of about 1O:l. One such method is
the d e r method, a simple error-free data compression method which
has a one-tcwne. input-output relationship. In order to achieve the
compression. the coder must use as few bits as possible. In Wry. a
lower bound on the average number of bits required to code a set of
input data cannot klessthan the hrst order entropy of input dam if suc-
cessive input data is codtd independently [2]. (Entropy will be described
in more detail in 8 hter seaion.) In general, the entmpy mges from 0
to bg& wbcrc L is the number of input data values. As a &I. the
mrnimumboundonthccompmsionratioisbg& :l.

'I&compression ratio for a d e r is 8 function of N. where N is
mC number of grey levels in an image. One way to rh ieve higher
comprrssion is to deawe N by qumizing the p y levels. T h i s i s
uzlcd a grey-level qurntizcr. Anofher method is to spatially quantk
data by ranplmg. lhis is called a spatial quantizer. Since quantization is
imversible. the distortion dw to quantizetion must be minimized. 'Ihe
Lloyd-Max guantiter. mC mpmsor-cxpander. the optimum uniform
quantizer. pnd the Shannrxl guantizer offer various t radeo f f s between
simplicity md prformanct. However, tbe maximum bound on the
compression rptios for the grey-level quantizer is NM, where M is tbe
number of grey levels in the grrrntized image. The comprcssion m i 0 for
a spatial guantiLer is a funcrion of the sampling interval -- the larger
the interval. tbe worse the distortion. In me case of m o t e driving,
choosing thc interval is an imponant isare.

Another class of methods, prodictivt compression methods. makes
use of the property that values of adjm gmy levels r ~ ehighly corn-
latul for mos images. The major predictive method i s called
Differmtial Pulsc Code Modulation (DFTM). Tbe maximum W p m -
sion ratio achieved by this method is about bgfl : 1, where N is the
number of grey lev& in the input images. Another predictive method i s
thc interpolative method. Most commonly used in!CrpolatorS are zero-
order and firstorder interpolators.However. higher orderpOlynOmi&Or



Bun md Mclson Ill W e proposed a frsl algorimm &ed the
pyramid coding method. The method is a hybrid method which combines
futum of pmdiaive and transform mahods. ' h e llgorithm ~ISIobtains
the prrdicted value for each pixe l in thc image by convolving a 5 x 5
Gaussian -like kemel with the image. 'Iht result i s a low-pass file&
image which can be represented by fewer samples than the original. Ihe
fim patted emr image is men the diffemce between the mted
image and the original image. Thc pmhxed c m r image be
quantized and coded with many fewer bis than the origrnaL Recursively
obtnining rhc next pred~aederror image by using the same algorithm
applied to t k sampled low-pass filmed image achieves funher data
compression Ibc original image can be reconsuucted by adding all of
mC Upvded pdiaed error images. This algorithm can .chieve a
compression ratio of IO:].The algorithm has been implancntd on the
PIPE md willk desclibcd in a section below.

Tht anisompic mn-stationary predictive coding method [S, 10)
un be classified as a hybrid method which combines thc predictive and
transform methods. Lines uki edges in an image provide key informa-
tion. A grey scale image is 6rsl transformed imo two bias images by
mawing these nonstationary linear fcam. One bias image is a meas-
UR of edge magnitude and dimtion. Thc other bias image is binary and
irdicates whether an anisotropic prediction should be used because edge
dilectionality varies rapidly hom point to point or whether an isompic
prediction is sufficienr 'Ihese two bias images control rk anisotropic
filter, which is an estimator defined in terms of pixel position and its
edge angular frequency. 7he typical compression ratio for the method i s
351.

Contour and texture coding methods fim segment thc image into
urmrcd regions surrounded by contows such that each CO ~IJ I

represents one object in UE image. Kunt d al. [a] overviews several
approaches for contour and uxturr segmentation algorithms. After the
segmentation. the contour and texture in an image am Mded separatcly.
Using this method. the compmion ratio can be as high as 5O:l.

Image compmsion techniques for real t i m e applications in
remotely piloted vehicles, video conference images. md video ukplw~
images, have been developed. In order to .chieve a relatively high
compression ratio and meet tbe real t ime rcquirunent, the techniques rre
combined with other pmiously discussed me-. For example, the
remotely piloted vehicle application combines the transformation mahod
ud frame-ratededuction (quantization method) to achieve 1compression
mtio of 60:l.Lippmann (71 proposes a motion-adaptive h e intcrpola -
tion method which combines frame-ratededuction (quantizntion method)
and UE linear interpolative method (the predictive method) for video
transmission of airborn television images. The most commonly used
method for video conference and video telephom images combioes
motioncompMsated prediction. discrete cosine wnsformation, md
quantization.

In order to meet the Rquirements of remote vehicle driving, a
hybrid method wiU be used, as described in the next section

4. Approach

Our approach to performing video compression for remote driving

5. P I E
PIPE (Pipelined Image Processing Engine) is a multi-stage, multi-

pipelined image precessing device that was designed for real-time robot
vision qrplications. PJPE was conceived and designed 81thc National
Bureau of Standards [4]. I t i s m n t i y commercially available ayOugh
Aspex, lacorporaud. PIPE will nccepc images from a video camera at
field rates - 60 times perd.PIPE'S basic cycle m e is 1/60 second.

IhPIPE system i s composed of up to eight identical modular pto-
assing sages, each of which contains two image buffers. five look-up
tables.tfine lrithmctic logic units. and two neighborhood operators.
Images arc eansferrad from stage to stage at field rate (60 images per
second) by thrte concunmt pathways. Thc forward path allows tradi-
tional pipelined and sequential processing. The m i v c path from a
stage output back to iu input allows fadback and elaxation processing.
The backward path from one stage to the previous stage allows for tem-
poral operations. I t .Is0 allows a hypothesis image to be compared with
UI input image. Tfrc images in the three paths can be combined inarbi-
trary ways m each cycle of a PIPE program. and the chosen
configuntion can change on differem cycles. In rddition, six video
buses allow images to be snt from any stage to any one or more stages.

Images un be prwssbd in my combination of four ways on
PIPE: point processing. spanal acighbomood processing, sequence pro-
assing or Boolean pnxmsing. Different processing can occur at indivi -
dual pixels in thc image by using a region-of-intenst operator. ?his
operator uses ate of the image  buff^^ in the stage as a map for
rlectingmC 8lg0rithm to be rppried to t k contents of the other image
buffer.

Point pmccsing cm be eithcr 1 timaion of one or two input
images ud includes simple arithmetic md logical operptions such as8cahg. thrrsholding, converting number systems. etc. Look-up tables
resident on coch PIPE stage allow thc user to perform more complex
uitbmetic opntions. aigommetric operations, comparisons. rotations.
a.

PIPE can perform up to two 3 x 3 neighbomood convolutions on
eoch stage in pasallel. Bothneighbomood operators operate on the same
imag input, but can perform different neighborhood operations. L a g e r
neighbmood convolutions can be achieved by decomposing an odd-
sized ncighbmood mask into a sequence of 3 x 3 convolutions. The
neighborhood operators can be eithcr arithmetic orBoolean and am per-
formed idulticalJy on aLl locations in the image unless a rcgion-of-
intern is specified. Special features are provided to prevent inaccurate
computations on the image borders.



Multi-rrsolution PynmidS CM be conr* ruCtCd by stleaing the
"rquceze" or "expand" options IS m image i s stored or anitten from a
buffer. In the former case, each 2 x 2neighbomood of the input image

rpmpled md written 10 thc output image resulting in an image balfthc

~ v d yPnaUcr resolution images. Expanding an image involves the
opposite opmion by pixel replication md ~auptesswxs.sively larger
r e s O l U t i ~images.

SquauiaI prwesring works on a set of multiple images, ea.
mpawxs of images ovu time. a acm pair of righ md left images, or
multi-rerolution imrges.

when performingBooleanpoaspine. a h pixd of inforrmtiw is
amsidedD k composed of cigt~~iadepoduu bit plants, which UI:

apented upon c i m u l e y . 'Ibe acighbohod operaton an k
applied in 8 Boolean mode. wherr thc outplt is the ambination ofthc
3 x 3 ncighbortmd using local operations on eoch of bu eight bit

PIPE programs uc writun on a host computer using a software
pacluge which is an iconic repmemation of thc hardware to gcncrate
microcode. R o g r a m s am executed by downloading the microcode
instructions to PIPE. PIPE interfaces to a host computer through a
board called ISMAP. Following feature detection performed on PPE,
ISW pcrfoms feahye extraction, i.e.. the iconic image of feawcs, in
which symbol values rue indcxcd by image location. is mapped into a
list of f e r n valucs, where essociated with each feature i s the set of
image locations containing bat feature. This is called a histogram.
Therefore. image location is indexed by feorurr value.

6. Comprtdon Terhniqws Implemented on PIPE

rrsoluticm of tbe original. ?his process can beremto generate suc-

pl-.

A number of data ampmion algorithms have bem developed
rad demonsaated on PIPE. Thes indude grry-level quantization, non-
maxima suppression. faveal-peripheral simulation, image dif€emcing,
histogram slicing. bming. Lnplacian pyramids, Poisson interpolation,
md linear predictive coding. Thc following briefiy describes each of
these methods.

One way of manning effectiveness of image compnssion
algorithms is by examining tht enmpy. Entropy is a m e m of the ran-
domncss of grey values in an image. For image mdmg applications,
m p y gives a lower bund on the average number of bits pcrpixel
@rta to code an image using a compact code [2]. Therefore the
lower the cnrmpy. the p e r the compression In scveral of the
Compression algorithms to be described below, the m p y of the
comprrssed image is given 'he tntropy value for each algorithm is
obtained by applying the algorithm to a test image, and measuring the
mtropy of the multant image. The average number of bits per pixel
suggested by the m p y measure would be nearly obtairred if 8 ampact
coding scheme, such as Hufhan coding, were applied to the resultant
image. To obtain the COmpRssion ratio, we multiply the auropy measure
by the number of p e l s in the image, md compre that with the number
of bits mquircd to mpnsent thc original image.

Grey scale quantiratim involves Icducing the rsolution of each
pixel in the image. As repmcntcd on PIPE, m image pixel contains 8
bits. However, image rtsolution md comast main acaptable when
thnt or evwl four low-order bio arc dropped. Thus the number of bifs
quid to ammil an image can be reduced by 375% or 50% mpcc -
tively. The concept of "dropping n bits" is easily implemented on PIPE;
the image i s passed through a look-up table which shifts each grey-scale
value right by n positions md then mhances thc output by shifnng the
resultant image left by n positions. For example, dmpping 3 bits of a
pixel having grey value 52 would d t in 8 quamid grry level of 48.
Tbe update ratc of t h i s method is OM cycle or of a second. 'he
entropy measurement is dependent on the number of low-order bits
being dropped. It ranges Ween a value of 6.74 for a full resolution
image to 3.10 for an image in which four bits have beur droppi.

Non-maxima suppression i s an image processing method which
results in a binary edge image in which all edges are one pixel wide.
On PIPE, a Sobel edge opentor is applied to the input image using the
mighbomood operators. Edge magnitude and direction extracted by
using a two-valued function look-up table. The cdge directions are
quantized into eight discrete bins. and by using PIPE'S regionsf -interea

opcntor, 111 edge poinu bat ue not iocailyealin the given gra-
dimt direction ut a2iminaotd. The update rau for this algolithm is two
cycks (113(kh ofIsecond). md the entropy measure is 0.37. The
OomprrJSion ratio is very high since only one bit of informarim per
pixdismpiltd.

'Ibt f'ovcal-peripheral simulation is based on the biology of human
vision. Inhumans. thcn is 8 very mall LM of we vision,mdcd
by ll~usof degraded vision Two muhods were written based on this
Idu In thc 6rst (FIW la). 8 quare window of tbt image is display&
witb full 8 bit raoluti~n.'This is lwlDunded by a)nantric win-
dOWlUI ldSCJXU&bg 6 bits. 4 bit& 2 bits.d M y 1 bit of m l u -
eion ?bc full ~ I U t i r naindow EUI be lqlositioncd md resized to
mat thc user's rsquirmrents.

T& cscand fovea-peripheral algorithm utilizes the compt of
multi-resolution bnrgc processing. In multi-resolution pmccning, a full
rized image is successively sampled md redud in resolution by a fac-
tor of two. 'I~IIIS8 256 x 256 image i s d u a d to 8 I28 x 128 image
which is d u a d to a 64 x 64 image, etc. Using this technique, anubi-
m i l y sized radpositidquat window is displayed at its full resolu-
tion (Figutr lb). It is humuxkd by 8 window band OMfrom its
next level of rerolution which in tum is buflMuded by a band at the
next level in tfu pyramid. Each level of the pynmid is successively
morebld,but requires fewer bytes of infomation.

In both muhods. image masks representing the size and position of
the window of interst and its surrounding bands arc generated on either
the host cunputer or the high level processor and are downloaded to
PEP€. In b e implemenmticm of the bm method the input image i s
passed Uyough 8 number of m y scale Quantization tables. rad the full
resolution image md the lower resolution bands pn logically combincd
to produce the m u s n u c t d output image. Tk implementation of the
sccuxi method involves generating two successively lower resolution
images from bu input. During reconsrmction, the 128 x 128 resolution
image i s expanded and blurred using lGaussian liltcr. the 64 x 64 =SO-
lution image is expanded twicc and comb& pccordmg IO the regions
defined by the downloaded image mask.

'Ibt m p y md the compression ratio in both instances am depen-
dent on the size of bu full resolution window of interest For a square
window measuring 60 x 60 pixels, thc entropy measure is 2.02 for the
6rst implemcnration md 4.05 for thc second. Thc update rates PII: two

Image diffemncing is an effective compression technique when
there is relatively fitrle motion between successive scenes in a sequence
of images. For 8 stlbized camera mountcd on a vehicle, the d i s m
background will appear not to move between successive images, while
?& foreground wiU appear to move. The difference image i s generated
by subtrpcting an image ~1 time I.-, from the image at time t. . AU sta-
tionary regions of thc image are eliminated and only anas of motion a~
visible. 'Shus much less information than tk full image sequence need
k transmitted. The full image sequence can be reconsn~ctcdfrom the
di f fenncc images. In pramice. good mults have been achieved by
transmining a full image every 8 stconds, and difference images every
1/Mth of a rec;ond. At mnstrunion. t k d i f f e r e m images arc
summed with the originally transmined image to form a sequence of full

md four cycles respeclively.

images 8s follows:

rdfl-ro)c(rrr l)t .+(I.-L-~)=~~.
Ibc rrpdare ratc for t i i s muhod is om cyde and a F/pca! entropy mea -
UIC for 8 dif€cmce image i s 2.01.

h a g e comprcssion and reconstruction using decimation and Pois-
#onintCrpOLprion [El is rhievd on PIPE by passing the input image
through a Lsplacian lrighbomood operator and thnsholding the reatant
image such that wng edges ruain their grey level value while homo--r~gionsPIC mapped to zero. l h i s decimated image i smil-
ted tO the matt openuor station. Recomction involves multiple
iterations of interpolation of the decimated image in regions which had
ban homogmtous. T h i s selective interpolation is achieved using
PIPE'S region -of-inrcm operator. T k update ratt for the decimation is
two cydes, and the update me for the ncOnstruction i s N cycles where
N repnsuus the number of iterations performed Good results have
been achieved by using six iterations.

?



Linear p d c t i v e axling i s the process by which the greyscale
values u ach pixel in two sequenrial images Ilt ustd 0 predict the
grryscale value at a fi~mpoint in time. 'IbeorcticaUy, this phdiction i s

on the assumpion that thc intensity values at my g iva pixelloa-
tion vary ody slightly over time. whm the lenglh of t ime is relntively

tion of the lptyscalc values using a lincar funaion is assumed to provide
m aaxuc predicrion

in a buffer rad mCn holmit until the next cequential image is stored
in mthcr M e r . Ihc older image is multiplied by two rad the most
meat image is nrbmacd fmm it ?hc images ue vrled down befoxc

delay time for thc algorithm is 1/10 secad (6 cycles).
Binuing is a term uscd to bescribe a ga~~ralclass of methods rlso

known as histogram transfonnation Once tbe histogram of an image is
obuimd, ranges ofpyscrlc values can be groupd together to a single
value based onInumber of c l i f f e m criccria ?hrce methods of per-
forming this grouping oren investigated. Onc method wrs to Q)nrtNct
each bin from m equal range of pyscale values. Another method was
to have each bin contain an equal integral ponion of the histogram
curve. Histogram slicing, the third method, i s acmmplished by dividmg
tk histogram of an image accarding to thc most populous gnyscale
values.

The histogram of an image can be produced on PIPE. The
buffend image is passed to the ISMAP board which sums the values of
each OCCU ~CI~C~of g~~yscalein thc image. A symbolic list is produced
which can be passed to tbc host computer for subsequent processing.'
This symbolic hisrogram list is used to generate a ioohp table to map
greyscale values inro any arbitrary number of bins based on one of the
methods mentioned above. The lookup table i s sent back to PIPE so
that subsequent images arc binned. The frrqucncy of the calculation of
this lookup table i s dependent on how rapidly the distribution of the
grtyscale values in an image change from frame to frame. For example,
given that he m e rarely changes from being an outdoor open-termin
image with only small variations in lighting, the calculation may only
have to ocw once. Thc amount of time to uansform an image on the
PIPE is 1/60 second. 'I~Icentropy of the test image pftCr it has been
transformed is dependent on tk number of bins that arc specified; for
histagnm slicing using wen bins, the e m p y of thc test image is 2.31.
Binning of an image can also be used to obtain additional compression
subsequent to performing some other types of compression techniques.

The Laplacim pymmid method of encoding an image [1J is based
on both prtdictive and pansform methods of image compression The
prediction of a pixel's value i s based on a localGaussian-weighted aver-
age of m u n d i n g pixels. These predicted values am subtracted from
the original values so that a m m r e of the prrdiaed error is produced.
The result is thaf only tk predicted emr. which q u i r e s fewer bits to
be rcprcscnted. and the low-pass filtered image, which can be subsam -
pled, nced to be encoded. This concept is npcated to produce a
pyramid-like data mcture.

The arcading technique is implrmenttd m th PKPE. The first
level of theLaplacianpyramid is consauaed using the following method
(Figure2). The full resolution image is convolved with a Gaussian filter
to produce the image GOO, and he tmlting image is subsampled. The
subsampled image, G10. is thcn expanded back to full resolution In
order to compuwtc for the pixel replication that occufs on PIPE during
expansion, the expanded image is masked with a template pattern of
zcms and oms so that thra out of every four pixels am set to zcm (91.
The masked image is then convolved with a Gaussian 6lkr and then
multiplied by four to produce image G11. GOO is then subtraaed from
GI1 to produce the Laplacim for tbc full-resolution image, Loo. The
&re process i s rcpeated wing G10 to produce L11 and so on until LA4
is produced.

The five levels of the pyramid plus GSO are used to ltconstruct the
original image, also on the PIPE. S w i n g with G5O (Figure 3), the
lowest resolution image is expanded, masked with the template. con-
volved with a Gaussian filter, and then added to thcLaplacianimage on
tk level below it T h i s process i s repeated until all images have been
added together to produce a m m c t e d original image. T h e entire

&)a since thc time betwan scquentLal images is mall, thc txtrapola -

Implrmauing this concept onPIPE rqllim storing an image 6nme

ulculuions to p r v ~ ~ r f t o wud me resulu=scaledbaclrup.  he

encoding and decoding of a single frame requins 51 cycles. The total
campy of all 6 rrrrnsmiatd images is 4.5.

7. Caadusion

matai 8s possible cmdidptes for a hybnd video compression system to
be uscd for remote driving of a ground vehicle. Tht algorithms have
been implemenvd on t k PIPE rrrl - t ime image processing machine, and
tbc implcumtatian~have risD bea! described. The PIPE has been
&regrated with a m o t e control vehicle system md thtse algoriduns

rrsults of Ume expcrimaus ue presented in a companion papcr [3].
BrieRy. mcSe exprimerns have rhoam that remote vehicle driving i s
difficult mough witbout dcgnding tbe imagery plrough comprcssion
algorithms. 'Ihe degraded imagery makes driving evm more difficult

Saw dif@cultieswe f d in driving in QOSS cormtry telrain using
either the full video or the compressed video were (1) global relative
vehicle loation i s wry d~fficultfor tht driver to obtain, (2) the orienta-
tion of the l& ground surf= is very difficult to obtain. (3) ditches,
guhes, and other obstacles ~ I C difficult to distinguish, (4) m g e of
objeas from the vehicle are dfificult to determine.

It appears that performing compression by adnsniteing images at a
rate of at most a few per sccond. snd men pmviding a realistic video
simulation to the operator, may be one of the most effective ways of
performing video compression.

ibis pspcr has described stveral algorithms that have been implc -

w= c V a l ~ 8 t 4by meam of &-world  mot^ driving exprimcnts. The
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Fipn 1. Two comprrssion ttcbniques bad on foveal -priphtral vision.

L2 2

L11 ursian filter -> G,
1.2 squeeze -> Cz0
1.3 mpand, mask, 0 smooth -> G 22
1.4 611 - 6 2 2 111T



L 4 4

'5 0

2.65;+ L M => L 4 4 '

3. expand L4q .mask, I)

smooth

I.expand, mask, D
smooth => 6

50
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