1 COORDI NATE TRANSFORMATI ON FOR PRESENTATI ON | N DI SPLAY SYSTEMS Field of
the invention The present invention relates to instrunents for surveying
the environment with scanning sensors in general, such as radars, sonars
and nedi cal ultrasound inmagi ng equi pnent, and in particular to the display
of received data in such instrunents. Even though the invention will be
described in relation to radars, the principle is basically applicable in
any system based on acoustical or el ectromagnetic waves, the | ast
including visible light, infcoorsinzan atkirmgroRMXTIONY radi ation. Background
of the invention Data fggg)?ﬁﬁgéﬁ S DE?ﬁﬁ£§ Spdnganars are sanpled in
pol ar or spherical coordinate systens, i.e. e sensors are scanning the
surroundings with an angul arly di splaced beam |In the past, the received
data were algp-xi 4 ayedinkepiat coordi nates on Plan Position Indicators
using a rotating beamon a cathode ray tube. However, nost nodern display
systenms are raster scan devices, which operate in Cartesian coordinate
system The Behgoresfitta ipysptiveres e ndC dOAVEFPEYT MY CHVESFRA

coor di nat es. + & e 6o i&in®N wi. 8h as cMei I Prseeesssnn i gérensilve spobcess, and
this is in articular true f.o e r o] [ ; i€

platform Pr BrEt ssoyns rgnén ollrgle(?:%)(g%aiunl}%tst%?gﬁs IS?%B'[I oér;!ﬂlal;?g@l?ats'ed on one
of the f0||0@m@ghte§ﬁﬁﬁqw@§$ to the display of received data in such

instruments. Even though the invention will be described in
relation to radars, the principle is basically applicable

in any system based on acoustical or electromagnetic waves,
the last including visible light, infrared radiation or x-

ray radiation.

Background of +he invention

Data from sensors such as radars and sonars are samplgd in
polar or spherical coordinate systems, i.e. the sensors are
scanning the surroundings with an angulaxly displaced beam.
In the past, the received data were also displayed in polar
coordinates on Plan Position Indicators using a rotating
beam on a cathode ray tube. However, most modern display
systems are raster scan devices, which operate in Cartesian
coordinate system. The sensor data must therefore be
converted into Cartesian coordinates. The conversion is a
very processing intensive process, and this is in
particular true for sensor systems on a moving mobile

platform.

prior art systems for coordinate transformation are based

on one of the following techniques:

e Direct mapping of (r,phi) to (x,y) coordinates by
using “on the fly” calculations or by use of tables.

¢ Use of inverse mepping of (x,y) to (r,phl) coordinates
by using on the fly calculations or by use of tables.



Direct mapping of (r,phi) to (x,y) coordinates by wusing "on the fly"

cal cul ations or by use of tables. Use of inverse mapping of (x,y) to
(r,phi) coordinates by using on the fly calculations or by use of tables.
2 Use of inverse mapping of (x,y) to (r,phi) coordinates by use of
special circuits such as Pythagoras processors (ex. Plessey Sem conduct or
PDSP16330). The direct napping approach will mss nmany pixels in the

di spl ay system because the mapping is neither a one-to-one nor an

ont o- mappi ng. Somee BfeLpokadd ampringspakexf ] ldiagir, phd )t hepeflbnates
At oy iRE BRPBLA APRL0AGH.W LhoRval biiiBgbater pol at ! on

probl em but wou al'so re conputer-intensive’in % nﬁﬁflng
cal cul ations. Usitf@<e8BPES {#¥F1 3%%$%eﬁeSP@E%P%QH%&?QM$Q§? 83RBW mappi ng
table every time the area of dlsplay is noved or scaled. In nobile sensor

scenarios uher e bhe dhspha, eAd-1105001 2RbLoal ¥, Hoxedof hocpan  require

ti me consumi'hg recalcu Hence his is got an opti mal
sol ution fordestshast é*msﬁé@d]i)?u@aq*%%lthet CREPPBET b NATice B 8PCsURTRPS of t he
i nvention |tnds @an ehoenbpping hesqueesentkrpoieniémmot 0 gprodei délaing§st em and

met hod for fast fii nsformation of data from Cartesian to
Pol ar coordlﬁiﬂggggﬂfg? géggé %ﬁ? i nverse mappi ng nethod. The system and

method is in particular applicable in sensor systens | ocated on a fast
movi ng nobi |‘end| atfedrs® mapping approach will avoid the interpolation

problem, but would also be more computer-intensive in the
mapping calculations. Using tables will require
recalculation of a new mapping table every time the axea of
display is moved or scaled. In mobile sensor scenarios
where the display area is geographically fixed this can
require time consuming recalculations of the tables. Hence,
this is not an optimal solution for a system needing real-

time performance.

Brief summary of the invention

It is an object of the present invention to provide a
system and method for fast and efficient transformation of
data From Cartesian to Polar coordinates, i.e. based on an
inverse mapping method. The system and method is in
particular applicable in sensor systems located on a fast
moving mobile platform.

The inventive method employs an algorithm in which
transformation eguations are expressed in differential form
involving only arithmetic operations. According to a second
aspect of the invention, the equations may be further
reduced to only multiplications, additions and subtractions
by using a simple differential solver method combined with
a synthetic division method.

The scope of the inventive system and method appears from

the appended claims.



The inventive nethod enploys an algorithmin which transformation

equations ar
oper ati ons.

by using a s

e expressed in differential form involving only arithnetic

According to a second aspect of the invention, the equations
may be further reduced to only nmultiplications, additions and subtractions

inple differential solver method conbined with a synthetic

di vi sion nethod. The scope of the inventive system and net hod appears from
t he appended clains. 3 Brief description of the drawi ngs The advant ages of

the inventi afridd |dhenapeichesf wherraweagsng the fol | owi ng description,

in

which the invention 1s described in detail in reference to the appended

drawi ngs, in which: Fig. 1 is a diagramillustrating the nagﬁgng of Pol ar
data to Car'-‘EI@aaWa@rtlaaeSFpe the JHuiRE td opy B Al PERT e nleRpl
3 is a flow thagmameok tbhelonmentdessdgaidhpaie wﬁrahuﬁh@rﬁawenninnthod

Fig. 4 shows;
system Fig.

fitati on,

a screen

Fi g.
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OWs an exa

Cartesi an co@ﬁ%ﬁ#ﬁﬁ%ﬂslnDEFéF¥ed description of the invention Fig. 1
t he probl em of which the present invention provides a possible

|IIustrates
sol uti on.

scanni ng the

to Cartesian grid,
Fig. 2 shows a typical system implementation,

Fig. 3 is a flow diagram of the inventive coordinate

transformation method,

Fig. 4 shows a screen layout, i.e. how the pixels are

presented in a grid system,

Fig. 5 shows an example on a screen layout, presenting

objects in Cartesian coordinates.
Detailed description of the invention

Fig. 1 illustrates the problem of which the present
invention provides a possible solution. A sensor, which may
be a radar antenna that is continuously scanning the
horizon, will provide data in Polar coordinates as
amplitudes versus angles, as illustrated in the right hand
part of the figure. The display system displays the data in
a Cartesian coordinate system as pixels organized in rows
on a screen, as shown on the left. As explained above, the
system may include a processor that transforms the Polar
data into the Cartesian grid needed by the display system.
However, the positions calculated from the Polar data will
not fit precisely into the Cartesian grid, leaving vacant

positions etc.
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ayout, presentlng objects in



hori zon, will provide data in Polar coordinates as anplitudes versus
angles, as illustrated in the right hand part of the figure. The display
system di splays the data in a Cartesian coordinate system as pixels
organized in rows on a screen, as shown on the left. As expl ai ned above,
the systemmay include a processor that transforns the Polar data into
the Cartesian grid needed by the display system However, the positions
calculated fromthe Polar data will not fit precisely into the Cartesian
grid, |eaving taeanhveposindmihebppréachn ithe dymrenseibppomguiappr oach,

the system wild [SATRULE A1t R0l a5, go0dl D3Le (hakooear pESPONG |0 each

position in - Ftéesian g Fetri ? roma nenory
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used as addresse L g ppda 0, e Fioge 2ohlhusteates the
bui | di ng bloéﬁﬁdgna% é?%%#%jég eg% %glégr ormth akﬁs 3eﬁtk;e nmet hod. The

i nventive sydtemearfeludesert dsuterd §Fg%@ﬁr%ﬁ%%% §6r IEASFEV HEPGA or
other conpwzdd @xah wBmbrit. The conputational unit 1 receives polar data
froma source .2 (such as a radar sensor) to be converted to Cartesian
coor di nat es. The conputational unit 1 calculates the polar ?ﬁggédlnates of

each point dfigntedddtisbrabeqyrihe inidHdnacateesidh s yytsa® Gt em wi | |
performthe §oldaviorg tAsKkSnventive method. The inventive system

includes a computer, signal processor, ASIC, FPGA or other

computational unit 1.

The computational unit 1 receives polar data from a source
.2 (such as a radar sensocr) to be converted to Cartesian
coordinates. The computational unit 1 calculates the polar
coordinates of each point of interest on a grid in the

Cartesian system.
The sysﬁem will perform the following tasks:

e The Navigation Unit 3 will check the position and if
any changes have occurred it will update the
transformation table 5.

e The Computational Unit 1 will receive Polar data from
the Sensor 2 and buffer it in the Polar data memory 4.

e The Computational Unit 1 will transform data,
collected from the Polar data memory 4, into Cartesian
coordinates by using the algorithm described below. It
will use the Transformation Table 5 as lookup for
coordinate transformation when the position has not

shifted.

e The data will be presented on a Display screen 6.



The Navigation Unit 3 will check the position and if any changes have
occurred it will update the transformation table 5. The Conputati onal
Unit 1 will receive Polar data from the Sensor 2 and buffer it in the

Pol ar data nenory 4. The Conputational Unit 1 will transform data,
collected fromthe Polar data nenory 4, into Cartesian coordinates by
using the algorithmdescribed below It5wll use the Transformation Tabl e
5 as | ookup for coordinate transfornmati on when the position has not
shifted. Thehelaisthuid lisbbapeesentattcoribdnb sptayosotigerte6. 5 The net hod

|s based on 9@5&5&%&%%%%09&%{%4 Ji2EShEr gREF Rl aad] acent points as
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coordi nat e. scription of the Algorithm™or fast coordinate
transformation 1. The Coordi nate Transfornmati ons The coordi nate
t ransf or nat i Dins aepded o wsep whel dirsipl ayegudoer dinateltdplided itdwe ,sensor

coordinates (f,Phid; @& fis 2Tl R6YIurtrdct #8EYBer coordinate.

Description of the Algorithm for fast coordinate

transformation
1. The Ccocordinate Transformations

The coordinate transformations needed to map the display
coordinate (x,y) to the sensor coordinates (r,phi) are:

Y
@ = gtan{—)
x
r o= axt 4 P
2. Differential equation form.

Differentiate the coordinates with respect to the x
direction gives:

dp _daten(y/xy -y 1 _ -y _=¥

dx dx Xt Ly G +yh
X

f@_d(ﬁ+yﬁ_“ x _x

Using a differential method solver to calculate the
functions along the x—axis will result in simple
calculations without time consuming sguare root and inverse

trigonometric function evaluations.



2. Differential equation form Differentiate the coordinates with respect
to the x direction gives: dip datan(y/x) -y 1 - -Y -y it it x2 1+(Y)2
(x2 +y2) r2 Xdr _d (x2 +y2) x x dx dx 7(;r+) 2) r Using a differential
met hod sol ver to calculate the functions along the x-axis will result in
sinple calculations without time consum ng square root and inverse
trigononetric function evaluations. 6 % Solving differential equation
using M dpoint method A sinple mdpoint nmethod shown belowis a suited

met hod becapsesdélvinrequiifésrantial ngnaafictalietihat Mdpidt xedfpd= f (x) + 2hf
"(x + h) This will require the foll owi ng cal culations: p(x+2h) = rp(x) -
2*h* y r(x+2{%ﬂ}s r(x + 2h) = + 2*h*(x+h r(x + h), hjs n%rmally chosen
to be the s %%%@W&PW@% Ped i DPvoPet Ry H?s%l%{%/l%esﬁsf‘?rﬁ %4 synthetic
Division I n oeceisd atf urigherespeeadinpuiefcakduhdstomss di vi sion can be
avoi ded by using synthetic division in a Newton-Ral phson iteration. As an
initial value for the i nver§(§+%}e

Flx+2R)= f(x)+2hf

This will require the following calculations:

B _ 2¥pty
ple 2 = o) ="

- 2ThT(xt )
MHx+2h) =r(x)+ T

h is normally chosen to be the same as the pixel resolution

of the display system.
4. 8Synthetic Division

In order to further speed up the calculations division can
be avoided by using synthetic division in a Newton-Ralphson
iteration. As an initial value for the inverse the

preceding inverse can be used:
rinv(x + R) = rinv(x) * (2 — rinv(x) * r(x + k)
where rinv means 1l/r.

If further accuracy is required, one more iteration can be

performed.
rinv(x + ) = rinv(x + h)* 2 —rinv(x + k) * r(x + h))

In practical use with normal accuracy requirements this is

not needed.

Fig. 3 is a flow diagram illustrating the steps performed
for coordinate transformation. The inventive method is
based on finding the absolute position of the picture



precedi ng i nverse can be used: rinv(x + h) =rinv(x) * (2 - rinv(x) * r(x +
h)) where rinv neans 1/r. If further accuracy is required, one nore
iteration can be performed. rinv(x + h) =rinv(x + h) * (2 - rinv(x + h)
r(x + h)) In practical use with normal accuracy requirenents this is not
needed. Fig. 3 is a flowdiagramillustrating the steps perforned for
coordi nate transformation. The inventive nethod is based on finding the

absol ute posihban,of fhe i Ghueey d ool Lmmn ﬁ%r%?n%h\@l’{ﬁ%s\&%q ofakia. by
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subsequent sqans. Ly, Ien 4, dhshaGEIRNL OliacbNes ObSEr MRl PR kAt Torm i s

detected, or 't pera or Wan picture scale factor, e.g.
to highlight CASPpartFEuidsasieat aChetw NGUMBEPoR F SIS Cdordi nates i s
performed. | rhEi gbsar«tremjson $D1SaftC'EWI§}maSS|cﬂ)Eﬁﬂack@@1 whirchhé somtaerced wants

mediatel y atl ef5Ler{ne LN\ SLER 200, SERRJENGLbe 200 stargpobnt s are

deci ded upon coordinate values corres ondln to the first
two points o@aﬁﬁécﬂi?§tar%ﬁmam g £l FotmdorsOepP3HnT EYYELA %t he
| ayout of sgangoimts.and lines on the screen. Each pixel is given a
position (nx, ny)

In Pig. 3 this is shown as loop 100 which is entered

immediately after start. In step 200, step-lengths and

startpoints are decided upon. Then, the polar cocrdinate

values corresponding to the first two points of the first

scanline is found, step 300. Fig. 4 shows the layout of

scanpoints and lines on the screen. Bach pixel is given a

position (nx, ny).

If we return to Fig. 3, step 300, for each scanline the two
first coordinates can be calculated by using atan2 and
square root calculations. The time needed for this is
insignificant and can be aveoided by calculating and storing
the two initial points for each scanline by using the same
differential method rotated 90 degrees.

In step 400, the position corresponding to the next
scanpeint is calculated using the midpoint method as
explained above. This is repeated until all scanpoints in a

line has been found, step 500.

In steps 600 and 700, a test is made in order to decide 1f
all scanlines have been completed. The outcome of the test
decides if the process is to loop back to step 300 or, if

all points has been found, to return to loop 100 and await

a change in position or scale factor.



If we return to Fig. 3, step 300, for each scanline the two first

coordi nates can be cal culated by using atan2 and square root cal cul ations.
The tine needed for this is insignificant and can be avoi ded by
calculating and storing the two initial points for each scanline by using
the same differential nmethod rotated 9Q degrees. In step 400, the position
corresponding to the next scanpoint is calculated using the m dpoint
method as = expLahoed,Aoxe.-1l8l 8ol g.Lonsaled , gﬁélfoﬁiéwﬁﬁﬁﬁg‘émﬁ%s in a

| i ne has been found, step 500. I'n steps 60 700, atest'is made in
order to deci°@8%if all scanllnes have been conpl eted. The outcone of the
test decides if the process is to | oop back to step 300 or, if all points
has been found, tgﬁg eturn to loop 100 and await a change in position or
scal e factor. al so be degcribed in the follow ng pseudo
code: Y=YO h2 2“%’2 F*(/h?ﬁ%hﬂﬁ?qn%rﬂ’ﬂ’@l 3‘5?&& size)*/ for ny=0 maxlines-1
y=y+ystep; /*vertical pixel size*/ /* Initiate the two first (r,phi)

cal cul ati ons*/ g%% Satane(y, x(Q); phi (1, ny)=atan2(y,x(1)); r(Q
ny)=sq rt(x(0O *x( y+¥! ep,”erﬁcal%?xe?grtgx(l) X(1)+y*Y); rinv(1l)=1/r(1);

/* Initiate the two first (r,phi) calculations™/
phi(0,ny)=atan2(y,x(0));
phi(1,ny)=atan2(y,x(1));

O)+y*y),
Dy*y);

r(0,ny)=sqrt(x(0)"x
r{1,ny)=sqri(x(1)*x
rinv{1)=1/r(1);
h2y=h2"y,

(
(

for nx=2,linelength-1
rinv(mx)=rinv{nx-1)*(2-rinv(nx-1)*r(nx)),
r2inv(nx)=rinv(n)*rinv(n);
phi(nx+1,ny)=phi(nx-1,ny)-h2y*r2inv(nx),
r(nx+1,ny)=r(nx-1,ny)+h2*x(n)*rinv(nx);
x{rx+1)y=x(nx)+h;

end
and

An example of a resultant screen plcture is shown in Fig.
5.



h2y=h2*y; for nx=2,linelength-1 rinv(nx)=rinv(nx-1)*(2-rinv(nx-1)*r(nx));
r2inv(nx)=rinv(n)*rinv(n); phi(nx+l ,ny)=phi(nx-1, ny)-h2y*r2i nv(nx);
r(nx+1, ny)=r(nx-1, ny)+h2*x(n)*rinv(nx); x(nx+1)=x(nx)+h; end end An
exanple of a resultant screen picture is showmmn in Fig. 5. 9 dainms 1. A
met hod for displaying Polar sensor data on a raster scan display device
operating in a Cartesian coordinate 5 system said nethod including:
Converting Cartesian coordinates of display points into Polar coordinates,
characteri zedi n mppindikherGartesian coordinates to Polar
coordi nates conversion as first order differential equations in respect of
the x-direction, io integrating said first order differential equations in
respect of the x-direction in order to produce said Polar coordinates,

fetchi ng sensor da u f OF oSl P0lzaN 1¢0QEHLRAt @S5 = aitd & dizspleayi ng
sai d sensor n%‘at aql‘v.g\%ﬁégai géga(?ds’%ar}gesg?an as o0 di ?aﬁec%&?&’in Joints. 2,
A method as %tait fEENAYCREVAFY, CBPTREHE 2 *t “BTFEFL3 e~ W That sai d
di fferentd al gweguat,i easid method including: Converting Cartesian

moordinates of digplay points into Polar coordinates,

characterized in mapping the Cartesian ccordinates
te Polar coordinates conversion as first order differential
eguations in respect of the x-direction,

19 integrating saild first ordexr differential eguations in
respect of the x-direction in order te produce said Polar
coordinates,

fetching sensor data values for sald Polar coorzdinates, and
displaying said sensor data values in said Cartesian
15 coordinate display points.

2, A method as claimed in ¢laim 1,
characterized 1in that said differential equations

Qra:
do_-y
dx  r*
dr X
20 ——
dx F

with respsct o the x directien, where (r,¢) are Polar
coordinates and (x,y,) are Cartesian coordinates.

3. A method as claimed in ¢laim 2,
characterized in that sald eguations are
25  integrated using the following relationships:

2Fh*y

P +2h) = p(x) - m{



are: 4N=-Y dx t.' dr x 20 dx r with respect to the x direction, where
(r,9) are Polar coordinates and (x,y) are Cartesian coordinates. 3, A
method as clained inclaim2, char acteri zedi nthat said
equations are 25 integrated using the followng relationships: 2 x *y 10
r(x+2h) =r(x)+2" h(x+h) r(x+h) h being the pixel resolution of said display
unit. 4. A method as clainmed in claim@8y characterize d i n using
synthetic division in a s Newon-Ral phson iteration in order to avoid
direct divisions. 5 A nmethodagxglhgimed in claim4, char acteri z
e di n wherein a(ﬂfgﬁk?ﬁhﬁ?Sdﬂ§q3$ded as a nultiplication with an

i nverse, and using as an to initial value for the inverse the preceding
inverse: rinv(x + h) =rinv(x) * (2 - rinv(x) * r(x + h)) where rinv neans
1/r. 6. A mgt hed-as tekaphReli PegdBithH o Radarqasgidyendid, z e d in
perfum ng an additi onal

4, A method as elaimed in c¢laim 3,

characterized in using synthetic divisien in a

5 Newton-Ralphson iteration in order to avoid direct
divisions.
5. A method ag claimed in claim 4,
characterized 41n wherein a division is regarded
a% a multiplication with an inverse, and using as an

10 initial value for the inverse the preceding inverse:

rinv(x 4 B = pirv(x) * (2 = #inv(x) # r(x + A))

where rinv means 1/r.

G, A methed as claimed in claim 5,

characterized in perfoming an additional
18 iteratlon:

rirv(x + Ry = rinv(x + i)« (2 = risv(x + B} er(x + A))

7 A method as claimed in claim 1,

characterized in that polar position data is
20 stored in a lockup table, from which pesition data is
retrieved when displaying subseguent scans.



15 iteration: rinv(x + h) =rinv(x + h) * (2 - rinv(x + h) * r(x + 12)) 7.
A nethod as clainmed in claiml, characterize d i n that polar position
data is 20 stored in a |ockup table, fromwhich position data is retrieved
when di spl ayi ng subsequent scans. lob 8. A nethod as clained in claiml, a
hax act er i zad in an initial step in which polar coordinate val ues
corresponding to the first two points gfy, each scanline is determned. s 9.
A method as claimed inclaim8 char acteri zedi nthat the

pol ar coordigpateval.uesy 9t sakdhdd rist Hwegpeints is determ ned using
trigononetric calculations. 10 A nethod as claimed in claim8, 10 c har

acteri zedinthat the polar coordinate values of said first two
points is detberaicreed thy wing < diff her ent iathions HiRP ilf ¥§-&f BASAFn respect
of the y- dig&otdiote values corresponding to the first two points of

each scanline is determined.

5 9. 2 method as claimed in ¢laim 8,

characterizad in that the polar coordinate values
of said first two points is determined using trigonometric
caloulations,

10 A method as claimed in claim §,

10 characterizad in that the polar coordinate values
of said first two points is determined by using
differentiations and integrationa in respect of the y-
diraction.



