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ABSTRACT

’A modified form of the Klett inversion method of the lidar equa-
tion is deve10ped.
and validated.
making a guess for éach lidar return tolinitiate~the calculation.

The accuracy of this inversion nethod is explored

Unlike previous 1nvetsions;,thia one does not require

The

assumptions contained in the singie-déatter lidar equatfon and in the

Included are discussions of the other inverdion.nethods.

inversion method are outlined as 1is their relative 1nporfance; Special

attention is given to the backscatter versus total extinction relation,

—_— -

multi-ocattering and non-ideal detector response.

RESUME

On a modifié la méthode d'inversion développée par Klett pour
1'&quation lidar. La validité et 1'exactitude de cette nouvelle.
méthode sont ’énontrées.
modification permet d'éviier 1'emploi d'une estimation pour déterminer

Contraircment aux mfthodes d&3jd ccnnues, la
1l'extinction & chaque retour du rayonnement lidar.

On discute aussi des autres méthodes d'inversion. On souligne

' 1'importance des hypothéses dans le'dévelppbeneut dell'équition lidar

. pour la diffusion unique et la méthode d'inversion.

Oon agcotde une
attention spéciale 3 la relation entre la tétrodiffusibn et 1'extine=~
tion totale, 3 la diffusian nultiple et 3 la réponse 1nndéquate ‘des

Accesslon Por

.. détecteurs.
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c(r) .

F(r)

P(r)

Power law coefficient relating backscatter

. Incvemental distacce through an aerosol
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NOMENCLATURE

Receiver area

Planck emission function at frequency v
Clear air backscattered power at distance r
Speed of light

As ® gubscript refers to clear air

Offset distance used in calculating digitization

and numerical errors
Constant of proportionality'telating backscatter and extinction

System function including system sensitivity and geometric

crogssover as a function of distance r

ﬁeiative change between cle;r atr siénal and peai of signal
Specific intensity of radiation.bf frequenhj v
Source 1nten;1ty at frequency V
and extinctioé'
As a subscript refers to distance at which| a éue?a is made

Lidar backscattered power return at distangce r
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p(u)

S(r)

inv

8(r)

. a(r)
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vi

As a subscript refers to initial distance

Phase function as a function of the cosine of the scattering

angle u

Distance or range from the lidar

Logarithmic range-adjusted power at range r

Experimentally determined S(r)
Theoretically determined S(r)

Transaission

Transmission as calculated Sy the inversion

Concentration

Parameter for adjusting correction to logarithmic amplifier and

multi-scattering

Mass extinction coefficient

Backscatter extinctioh coefficient at range r

Laser pulse duration

Cosine of scattering angle

Frequency

" Volume extinction coefficient at range ©
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1.0 INTRODUCTION

= | '

The lidar equation is the governing relation which permits the
calculation of extinction and estimates of concentration uander condi-
tions of s’ngle scattering from a given lidar return. However, to

obtain the solution, an inversion of the equation must be performed.,
XA Teral A\ww,,l, 73,7‘,...) z! a~r,v15‘o£,.~'<,} Ses Perreg

DQC/G“#""?’ tr <prm. Fwee ) Q6L au.tom&"““—“ i®neratid inversion af $he /'a""

_ Until Yecently, the inversion of lidar returns to obtain extinc~-
tion coefficients or concentration profiles has. been plagued by insta-
bility and inaccuracies (Ref. 1). The instability of previous
solutions is found to be caused by mathematical and not, as aome have
suggested, physical reasons. Inaccuracies can occur by making unneces-
sary assumptions to further simplify the equaticn. The solution
proposed by Klett in 1981 (Ref. 1) goes a long way to improve this
situation; however, as will be shown in this report, it is not quite
ideal. In Ref. 2 Lentz describes a way to overcome some of these prob~
lems at high visibilities.

It seems that the inversion of thellidar eqﬁation (or radar
equation with attenuatiaﬁ) has not been givun the ~ttention it
deserves. Indeed, the basis of the ideas used in the recent solﬁtionl
vas contained in a paper by Hitschfeld and Bordan in 1956 (Ref. 3).

This report is an atteapt to elintnate or oignificantly reduce

, the remaining problems while maintaining a simple algorithm. With the

inversion of the lidar equation reduced to s sixzle, efficient.

| algoritim, analysis from many lidar returns (e.g. from the Laser Cloud
Hipper (L), Ref. 4) 1s possible in a short ti-e. Appendix D'givea a
FORKIRAN IV listing of the final program used 1n this report.

This work was perforned at DREV bctv!cu May 1981 and February
1983 undet PCN 21305, Aerosols.
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- single scattering events occur. In making this asnulption'we-obtain

UNCLASSIFIED
2

2.0 THE LIDAR EQUATION

To derive. the lidar equation, it is convenient to begin with the ’ i
equation of radiative transfer (Ref. 5): i
.

dI
v ~
5= - o) {I,-3) [1] =
wvhere Iv is the specific intensity of radiation of frequency Vv in the r J

direction, o(r) is the total extinction coef{icient and Jv is the
source term. Jv contains contributions to the iﬂfensity from scat-
tering or emission and can be given by

J, =B+ ﬁ p(w) 1, du [2]

whére Bv is the Planck emission function, o 1s the phase function for
scattering and u is the cosine of the scattering angle. Note that in
deriving [1] an important assumption has already been made: that the
distaﬁcé between the séatterers is larger than the wavelength used. If
this condition holds, then the scattered radiation is incoherent and
noninterfering. '

For the next step in deriving the 1lidar equaéion,'the.assunption
is made that I,>>J, This assumes that no significant amount of
emission or scattering from the medium are placed in the direction of
propagafion. ﬁote that this contains the ctiticallasaunption'that onlj

dI

2 Yewon, ]
I, dr
v .
or »
~JF (e )ar’ A v
I, = I Io | o . (4]

DR f'\"-."’ -'*'-."'\ %‘L‘. SN -, e ﬁ. " -.,.\.. Meat oY -',,s A
-

- I - "-. "‘ ~"- .‘-.-" 1‘\‘
* - *.-l.\ ol _Mq "' - };L* JAJ J'.f. I)&.\ -.'" -'*J'L' )
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with I ov being the initfal intensity of the beam before any extinction.
Equatio~ % is of course the well-known Beer's law. ’ =

For light that is being received in the direction opposite tc n
the beam direction, the intensity received will be proportional to Iov"

geometric attenuation =3 A —, where A is the receiver area, and the folded - e

rl
lasgt pulse length given by %, where c is speed of light and T is the
time durztion of the laser pulse:. Furthermore, the intensity will
depend on the probability of being backscattered at a range

r, [B(r) = p(~1)], and finally a system function F(r) which includes
factors sucﬁ as system sgensitivity aﬁa geometric crossover of the
receiver and laser beam. Putt:lné all these factors together with [4]
and noting the power received P(r) « Iv(r), we obtain the lidar '

equation: X
e~2 CCIDT I g
c1 F(r)B(r =
B(r) = P, =5 ( 5] .
. r . h
. | 2
where P o is the initial laser pulse pover. Here, the extinction term : "~
in Beer's law has been squared, since the returned power must tp.verse ' ;::
the same medium twice. x !
In summary, the de':lvacion of [5] has required the following " 1
un-ptions. o ' ;: ‘
1. incoherent ’lcatt‘eretl‘ (Equation of Radiative Transfer); s
2. no significant emission Iv »J v ' . v
3. first-order multiple scattering; N
\ : Y
4. only backscatter is received, B(t) = p(-1) [B(r) could be ‘__
propcrly 1ntegrared over u}; ' S
3
o
REREOX At n Ch O ‘J-‘.L‘ "') o
DS S -., .'."\. -
-:s-.-';.f_g; o PR R R DN,
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5. only a plane wave 1is received, i.e. even light distribution

over area A (one can use an effe~tive area);
A 6. no beam pulée stretching (T does nct change);

7. receiver encompasses laser beam; bean overlap is complete
and there 1s no blind spot (1/r2);

8. 1invariance of the phase fuaction over small gsolid angles;
9. o(r) is independent of Po;

10. particles are not in the shadow of each other (particles act

1ndependent1y)§ and 5

kY

11. the light source is monochromatic. ‘ :

. ) b

3.0 INVERSION OF THE LIDAR EQUATION

In the lidar equation [5], it s usually the term o(r) that is Zi

the uaknown of greatest 1nteres;. It can be seen however that this 4 ;'
_equation has three unknowns: o(r), B(r) and F(r). ' -
F(r) 1is usually estimated or obtained by'a ca11$rat1on experi~ . ‘ %'

ment reducing the problem to two unknowns. In order to proceed, e . »
further asounpcion must be made, that is ’ , . ' 3
B(r) = ds* 6] :

4

Klett hnl made a literature search which 1ndlcntcs thnt
0. 67 < k < 1.0 (Ref. 1). Indeed, it seems that for water fogs, k = 1 .
is the value most often reported (with proportionality constant ' E
d = 0.05 Sr~! (Refs. 6, 7, 8)). However, for other types of acrocola ' >
(e.g. snow, burning phosphorus clouds, liliéa dust, etc.), there is

L
. . - .
o , . ' *
\

N -

P

...f‘q‘. q.(f..\.. . n

‘- -*\S\ -.\ .x \.\ -.
':\h'v 'n’\\
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less information available and furt'.xermore, if the size distribﬁtion
changes in regions involving the lidar signal, k will probably vary.
For a theoretical study, see Ref. 9. Mure will be said on this assump-
tion later in this report (Chapter 5.0). '

with this final assumption [6 ], the lidar equation can now be
solved for o(r). Iu order to simplify [5] the following definition is
usually made: ‘ ' '

S(r) = 1a[r?p(r)] ' (7]

Taking' the derivate of S(r) with respect to range, plus the
" 1lidar equation [S] with F(r) a constant and the sswumption [6 ], we get

4as _ k do .
dr FE =20 . [8]

In deriving [8] both F and d disappear. This will be imzortant
in Section 3.4. ,

The following three sections briefly rev:lev the major inversion
methods to date and a fourth section descr:lbea the development of the
modified inversion method. All four sections discuss the strengths and
veakneues of the various methods.

3.1 Slope and Ratio Method
Th’s method will oﬁly be mentioned briefly since its value as a

solution has greatly diminished with the advent of the newer solu- -
ticus. ' ' :

If one assumes that over some distance the aerosol is uniform,

we can have % = 0. Therefore, fram [8],

pa
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1 d§ '
U"IE {9}
8o that the slope of a plot of S versus r will give us the value of o

over the honogenedus region. This can be a very poor approximation if

there is noise or if the cloud is inhomogeneous. In general, an

‘aerosol that produces a positive slope in S (likely in a very

inhomogeneous medium) will give negative o by this method!

The ratio method is just a4 variant of the alope method when it
is applied segment by segment (see Ref. 10). Note also that [9] Hould

‘result from the assumption that k=0, 1.e. the backacatter coefficient
.18 a constant f{ndependent of the cloud concentration. Even with the

problems listed above, it is the slope method that has been used the

most often in the past since it is simple and the only widely knowm

method.

3.2 Exact Forward Inversion Method

In 1954, Hitschteld and Bordan (Ref. 3) solvéﬂ the differential
equation [8] exactly. It is not difficult to solve beqause it is a
standard differential equation, namely a homogeneous Ricatti equatiom.
The solution is s

exp[(s - So)/k]" o
o(R) = [10]
(a"l -3 f"exp [(s - s )/k]dr")

where the subscript o refers to :he teference distanee T, which is
clogest to the lidar system. This solution reqnlrel knawledge_of
Je which can be measured or guessed. However, as Klett emphasized

. (Ref. 1), this solution is unstable since two reintivcly large terms

are subtracted in the denonina:or‘to‘obtain a saall difference. Thus,
if tnere 1s an error in 0., the solution quickly becomes unstahle and

unrealistic values of ¢ are computed at modestly small r. See Refs. 1
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and 2 for more details on the error analysis of this solution. It is
this iastability that has caused the exact forward inversion method to
be neglected in favor of the slope method.

3.3 Exact Backward Inversion Method (Klett's Method)

It seems sufprising to find that, until 1981, no one had
published the idea of making the guess or measurement of J, in [10] at
the largest distance from the lidar system, even though this 'f&ea was
mentioned in Ref. 3 and a more génera_lized version was discussed in
Ref. 11. It appears that some unsuccessful attempts were made
(Refs. 12, 13). However, using this idea, Klett obtained the following

golution:

exp [(S ~ Sm)/k]

- [11]
(o~} +-% [ Fmexp [(5 - s )/x]ar')

o(r) =

 where the éubscript m refers to the reference distance T which is

furthest from the lidar system. Now the two expressions are added in
the denominator, making the solution more stable, and furthermore, the

error in am (vhich must be estimated for each return) becomes less

' important as r decreases since the integral in [11] iucreases. Thus
" the solution will tend to comverge to the correct d(r) as r gets

emaller.

Even though this solution is greatly superior to [lq ],' same
problems st1ll remain. 'If, for example, we take the case of high visi-
bility, it can be seen that the intcgral of [11] {s very small and
indeed can be considered’ near. zero in cqlparison with ¢ n. 1, If this
happens we get: '

o(r) = o expl [(s = s_)/k] ' [12].

. T
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Thus all resulting extinction coefficients become linearly
related to % and hence to the error in %y From this, it is apparent
that, in the case of high visibility, the solution [11] is not very
stable.

This problem can be overcome (Ref. 2) by calibrating the lidar
system to find the system constants. Indeed, the very need for making
a guése.(an)‘in this solution is created by the derivation of the dif-
ferential equation [8] in which the absolute constants drop out. The
guess. can therefore be seen a3 an attempt to put back this information.
Thus, in obtaining the system congtant, one can make a better guess.
After a guess has been made, theoretically calculated values of s'(sT)
can be computed from estimated extinction coefficients. These, in .
turn, can be compared with experimentally ohtained S (SB) (cowputed
directly from the lidar return by S, = 1a(P/C). The procedure in
Ref. 2 is8 to sum all ST and match thea with sg by making

Z(SE - ST) =0 [13}

The summation is intended to minimize noise in the signal. This method
produces an acceptable inversion for the high visibility case.

3.4 New Approach SAGILEQ

’ A new approach called AGILE. (Automatically Generated Inversion
of the Lidar Equation) is developed in this sectiom. ‘This approach was
adopted bucause the following problems still remain with the Klett
method: ‘ ' l '

1. For the high visibility case, several iterations are needed
to minimize the sum in [13]. It is also poseible that this
condition ;s‘not strong enough. For ex:n#le,'ig'pnn has a
rapidly varying cloud of low density, thers will be large
numerical errors occurring in the summation of [13]. These

" e FWT S TS EB W v

-
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‘errors could make the sum zero without it necessarily being
a good inversion (see the discuesion of numerical errors in
Appendix C). '

For the medium visibility case, the convergence of the Klett
method is still not fast enough, since perhaps half of the
values of the lidar return are spent converging to the
correct valve. Therefore only the front half of the shot 1is
good. A proce&ure of the type used in Ref. 2 could help,
but will require on the average many iterations as well as
the evaluation of the integrai fzo(r')dr' with the ensuing
numerical errors.

A£ low viéibilities, one can expect rapid convergence by the
Klett method, but now another problem ar.ses which can make
the‘resulting inversion poor. This is caused by the theo~
retical limit of the integral in [11], as will be shown
below. If this limit i3 exceeded due to numerical or

experimental errors orlincorrect assumptions, the resulting

inversion will give values for ¢ that become increasingly
sealler than the true value as r decreases.

'

proposed modification is an attempt to eliminate or signifi-

cantly reduce the above-mentioned problems in the inversion of a lidar

signal.

If we gtart with the lidar equation [5] and write it for the
case of the clear air returned power value C(r) (as done in Ref. 14),

we have .

AT L 2 AN AT A % 1 8 AT N LW LRI VY AP PR T b T h P PR R PRI TN T A U TN T MW E N, UL I vb-.'w-l:a.nrJ

' Adoke fZGcr .
C(r) = P55 P(r) =g (14]

r

* P e m me = e e * e ==

!
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where °c is the clear air value of the extinction coefficient and we
have taven o constant over r. If we now divide P(r) by C(r) and
rearrange, we get

-20 r ‘

c k P(r) = k-2 s(r')dr'

e Oc m g e 1 | [15]
This result has assumed that the clear air aerosol and the cloud have
tie same value of d (which is not necessarily true but which does not
affect the result). This is because we can take °c as an effective
clear air extinction coefficient (since we are not interested here in -
clear air cxtinction). Taking the k-th root of each side of [15] and

integrating over r, one obta'ns

1_2 'y 2
L s [P(r )1k "k ac(r e % L a(f )dr!

ctr ) dr" = It a(r” )e drc”

2/x

= 3[1-1(0)

1 . [16]

vhere T(r) is the tfansnission at the distance r. To further sinplify'
ve will assume that o, is small enough to be negligible (i.e.
0, << k/2r) to give

2, L EyVegpr = 1 - i*z"] [17} -

where it is now undetscood that P, C and T depend 1np11c1t1y on r. The

= importance of this result can be seen when it is understood in terms of
ié its physical significance. Equation 17 states that the normalized -

E: ' integrated backscatter has a limit. In dividing the power return P by
;i the :eferenge signal C (in this case, a clear air shot), one calibrates’
b the laser shot against system constants, system noise and against the

E i/rz fac;ot. The resulting improvement ~f the signal is demonstrated

3 : in Appendix A.
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The integral in [17] represents a sum over distance or time of
the power received during one shot or of the total power received (or
equivalently, the normalized integrated backscatter). Equation 17 then

stateg that this has a maximum, i.e.
2 : p Lk
9.0 @ darm *lastT 0 [18]

1f this limit is exceeded then there is either significant experimental
error (e.g. detector downtime), numerical/digitization errors or some

physical assumption is no longer valid (e.g. multi-scattering). This

then provides an immediate check, albeit weak, on the system, inversion :

method and physical assumptions. It should be noted that limits simi-’
lar to those in [18] can be derived for larger valves of r where % is

no longer small enough.

 Another feature of [17] is that, knowing the sum of the power
received at a given point, one can immediately calculate the transmis-'

, sion. This allows knowing T without doing the inversion to get ¢ (and

consequently eliminates another pass through a mmerical integration).

Finally, the integral in [17] is equivalent to the integral in
Klett's solution [11]. In fact, vriting Klett ] solution [11] after
calibrating with C(r), ome obtains

- . aqerey Ve |
C = < . . [19]
o (@ /et e 1k
et m “m 20 n P '
9 AR B gt

The lidar equation can be written as (from 1s]y

o= q_ (P/C)I/k
T )
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By noting that z
_ i
1/k )
o (P_/C)) :
c' ' m 2/k
— -T [21]
from [20], and
6. r 1/k 2/k 2/% ' '
=Ir@ a=a@ -1 ) (2]

a generalization of [17], it can be seen that Klett's solution is just
a restatement of the lidar equation (except that % or’T; are
gueséed).

e CEED S R CMAWSTYTW " WIS Y ¢ s 8

Again substituting [17] into [20], we get the solution in a
different foru-

P VR G, W W W

La

g =

. % "xlo'c o

"

This is nimilar to the forward inversion metliod (Section 3.2) cxcept
that % is replaced by 9, Or, equivalently, Klett's solution becomes

(PIC)llk 'llk o [24]
Tnzlkldc +'% [Tm (29 ar! |

Bqu&fions 23 and 24 are equivalent since they guarantee that j
Sp(¥) = S(r) - [25]
at each interval of r, a condition much stronger tham [13], providing

' that errors do not invalidate [18]. This can be seen because of [17]
and [20] and the definition of S, and S,. This condition, [25], is

. .
oL TR ".wwmw~ ¥
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not satisfied by Klett's solution [11] because of pocsible arrors in
the guess, o . With solutions [23] or [24], once a calibration shot
has been made and a value of a obtained, no guessing will be needed as
long as the value of 9. and the calibration remain valid. (The values
of ac can be obtained by a trial inversion of one shot in which the |
transmission is measuted,‘or by other means). This has great advan-
tages over the other methods wheu'nany shots under the same conditions
must be processed. Plus, the neceasary condition [25] is automatically
satisfied, whereas in the Klett method the weaker condition [13] must
be converged to and may still‘give significant errors. _

4.0 VALIDATION OF AGILE

In fhis éhapter, evidence of the success of AGILE will be
reviewed and compared'with Klett's solution. The remaining diffi-
culties will be discussed, as will an indication of the numerical and
digitization errors. The lidar data used in this section was obtained
from the DREV Laser Cloud Mapper (LCOM) (Ref. 4), with clouds produced
by burning xd phocphorus.

What constitutes a good inversiom of the lidar equation [5]
along with the assumption [6]?

It is necessary and sufficient that a good 1nveréion'satisfy the
condition [25] and uses the correct value of g Equation 13 is only a
necesgary condition.

Since nany assumptions have been made to obtain (23] er [24]
how can a check be done to indicata that the results from the inversion’
are a good repteoentation of .the real values? The follouing items will
be compared and diacuqaed in detnil in thio_chgpter in order to indi~
cate the successes and linitations of the current iaversion:

L R Y AT AT~ W R
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1. the transmission of this inversion with respect to that
obtained from Klett's method (with the estimation procedure
as qﬁtlined in Ref. 2);

2. the transmission with that obtained directly by the LCM;

3. the extinction coefficients and concentrations found typical
by this method in burning red phosphorus smoke and those
from in situ measurements; v

4. cloud gxtént;»

S. clear air extinction coefficients in front of and bghind the
cloud; and

6. the results obtained should be independent of the inversion
starting points in the shot.

4.1 Remaining Problems

With this new approach, two calibration shots are needed: one
in clear air (or through a uniforu medium) and the other with same
transmission loss in order to deteraine o e With the LCM this 18 not a
problem, since this systu is capable of uk:lng 100 shots per second,
all in different directions snd many through clear air.

Once o and a good clear .n- ohot havc been obta:lned, the big-
lgut rmining ptoble- results from the poui.bh errors in the evalua-
_tién of the integral in [23] or the integral and T, in [26]. This 1s

caused mainly by errors arioing from thc system response or multi-

scattering. For if the system response is too slow in recovery and/or
the cloud is dense enoush for multi-scattering to de present, the limit
[18] could easily be aurpuud. If this happens, neither [23] nor [24]

.\' A“"::-::-x \‘{) ......-‘-‘_,, Y .-.-.. - ‘\-"'"t t'c.‘f *:i.} d‘ LA -:.,4;.-%- -‘\f.‘f( \‘ . ':._,:_-

,-.‘,.:' ..'. '. ’ -t '."h . - o
"'. AT ‘-» .y v-\ \‘\{W\‘-Ea \\n\}:\ “h. ot-, { e J‘ ‘f\. J‘ }‘\\. ‘«".1“\-‘-'-'} ~'\}"I$ -.1.»-‘\'« o
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can work, and neither can the Klett solution. This occurs simply

because the lidar equation has become invalid.

If, however, the system response is not too bad, a correction
can be appiied. Multi-scattering poses a much more serious problem and
there are currently no simple or accurate corrections for this phenome-
non. Therefore it is suggested that in performing an inversion using
the lidar equation [5], a guatanteevof the limit [18] should be given.
This can be done by decreasing the return values in the individual
shots as the range increases, according to how rapidly the normalized
integrated backééattet (or limit [18]) is approached. Since the func-
tional form needed for reducing the return values is not generally

"known, estimates must be used (vhich adds sore uncertainty to the
reluitl). However, one needs to know this function only in the extreme
cagse of very dense clouds and can be calibrated to some extent.

The functional form used for the -ulti-sqatteting is the sane as
that used to correct for the logaritimic amplifier (see Appendix B).
Thus a single correction term (or the same form used by Ref. 15) with
one adjustable parsmeter attempts to correct for multi-scattering and

the amplifier responsé (and any other reason that may cause the limit
in [18] to be exceeded). This factor is Just T * with z being the
ad justable parameter. Since both effectl sre combined, z will be
larger than if only one effect were present.

With the data’prgnentedLinﬁthis,report, z = 0.8 vas found to
give good agreement with target reflectance. The value of this.par37
meter in Ref. 15 is shown to be 0.2 < z < 0.3, with pure multi-
scattering, a field of view between 5 and 10 mrad and a size distribu-
tiom lilllur'to'thgt considered in the above-mentioned data. Thus for
the value of 2z = 0.8, about 30X ic caused by\nnltf—icattnriug.. fhil
faétot is used only when the optical-dcpth becomes less than ﬁnity.
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4.2 Transmission Comparisons

A comparison between the transmission computed from the present
method and that computed by Kleft's method (Ref. 1) is shown in l'ig. 1.
The graph shows that there is excellent agreement between the tvo .
methods. Honver, there is still some scatter. One reason for dis-
crepancies is the difficulty in making ths proper guess in the Klett
_method in denser clwdi, ubecinlly vhen there is significant signal at
the point in the shot where the guess is being made. This difficulty
is due to oumerical and digitization crtdti- that occur when calculating
the integrals and obtaining the transmission.
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Another source of error is the response of the amplifier used in
processing the return signal. Figure 2 shows the regponse of the
logarithmic asmplifier in the L(™. The vertical scale is the loga-_'

rithmic output in arpitrary units, and the horizontal scale is the time

in nancseconds. From this, and with a digitization r;te of 10 ns, omne
can see that the rise time of this amplifier is adequate but that the
domtime will cause problems, especially when the signal is large and
varies rapidly. Tﬁus, in attempting to correct for this respocse (seé
Appendix B or Section 4.1), errors will occur in both programs since
Vperfect corréction is impossible.

FPigure 3 is a plot of the transmission calculated froa the aew
algoritlm versus the transmission as measured by the intensity of the
signal returned by cooperative targets. Again the agrezaent is reason-
able but there is some discrepancy. Hoi: of this dlccfepanéy can be
cxpllained by the variation in target uniformity and errors in the laser
firing angle. These errors account for a variation of about = 20%.

Other errors that can cause dilagteﬂént in Fig. 3 are the
problems cutlined above, i.e. amplifier response, mmerical and digiti-
zation errors, plus, perhaps, -:I.gnifican:‘-ulti--c‘utering for trans-
mission much less than 40X (about one optical depth). A lleut mean
squares fit of the poifats gives a straight line: |

T

oy 0.91T, + 5.18 [26]

vith a correlstic coefficient of 0.81, where T, . and Ty are the
transaissions obtained from inversion and experiment. respectively. The
correlation coefficient value seems most reascnable when the. varht:lon
in tln target roncctanu is considered.
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4.3 Concentration

As already mentioned, the data here weré taken by the LCM from a
red phosphorus generated smoke. By using values for the mass
extinction coefficients (taken from the DREV silo and = 50 relative
humidity), a conversion of .the total extinction coefficient into con-
centration is possible by the relation

o= o " . [27]

" where a is the mass extinction coéfficient; W 18 the copcenttation in
grams per cubic centimeter and L 18 the path length in centimeters.
This relationship has been verified by many studies (both theoretical
and experimental) over widely varying types of aerosols, densities and
wavelengths (see for example Refs. 16-19). With such a caléulation of
conc;ntration, Q comparison between the calculated and measured concen-
trations can be made. Unfortunately no direct measurement of the con-
centration wvas made when these lidar data Qere taken, but the purpose
here is to show that the concentration values obtained by the fnversion

are reasonable 'bqllpaik' figures.

DREV and others (Refs. 16, 20-22) indicate a = 1.5-2.5 m2/g at
1.06 ym and 502 R;H. Furthermore, dne can obtain from the literature
in situ field values of the concentration for red phosphorus generated
snokes (Ref. 23). Table I gives a comparison betﬁcen typical varia-
tions in concentrations between the cilcniatioq‘in this report and in
Ref. 23. The correspondence between the two indicates i,satisfactory
agreement. Thus the calculations done here ¢ive a good order of magni-
tude estimate of the actusl fleld values during the experiment.

ety

Aty Ty
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TABLE I :

Comparison of field trfal concentrations of

A

red phosphorus smoke
ng/m3
. Smoke Week III 5~200
(Ref. 6)
Present Study 0.1-300
S0
40
30

T .
A

N
o
N

~

* CLOUD WIDTH BY INVERSION (M)

°

DU I N

‘Ilﬁlflﬁ'fll‘r'lll"llirj

o 1 - 20 . 3 4 50
' CLOUD WIDTH (M)

FIGURE 4 - Comparison of cloud extent calculated by 1nvctsion and by
photographic measurement
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4.4 Cloud Exteat

During the trials, phbtographs were taken of both the frént and
back of the cloud. This allows one to e¢stimate the cloud extent photo-
graphically. Figure 4 is a plot of Ehe calculated cloud extent along
one laser line and the estimate from the photographic data. Differ-
ences can obviously occur because of the difficulty in estimating the
lopaﬁion of the cloud edges. In the photograph, this is duq'tollack'of
contrast and in the lidar data, it 1s due to the definition of what is
clbud and what 18 clear air. ‘The agreement is good. The importance of
this agreement will be discussed in the next chapter in relation to the
assumptions made.

4.5 Clear Air Extinction

Figures 5 and 6 are examples of a raw lidar signal and the
resulting inGersion for one shot. Figure 6 shows the calculated
extinction coefficient plotted against distance from the LOM (or 1lidar
system). The important feéature to notice here is that the clear air
extinction values in front of and behind the cloud agree very well.

' This is esgsential and verifies the calculated transmission through the

cloud,
4ﬁ6 Invariance of Inversion Point

A necessary property that all inversions should have 1s that the

" inversion should be independent of the initial starting point, 1.e.
‘overlapping results of differently initiated inversions should be iden~

tical. The new solution guarantees this because of the condition

Sg = Spo However for the Klett'method,’errors in the guessed value o
will in general produce values different from guesses made at other
distances. Thus the resulting calculation will be different. As the
cloud density increases and/or varies ripidly. this problem becomes
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more important, especially for guesseé made inside the cloud. This
invariance is obtained because of the.notmalization of the lidar return

by the clear air.

5.0 QUALITY OF ASSUMPTIONS

Many assumptions have been made in the derivation of [23] and
[2&] and their subsequent use. An attempt is made here to identify the
most important assunptioﬁs aﬁd their effect on the accuracy of the
inversion. Most of the assunpqioné'leading to the li&ar equation
(Cﬁapter 2.0) are excellent approximations to the conditions under
which the current data were taken. Major excegtions are the assumptioﬁ
of single scattering (for denseaplouds) and the invarfance of the phase
function. In thiq case, it is a possible variation in fhe size dis~
tributions of the particles. This latter assumption is also involved .
in the relation [6] and when k = 1, which is a constant with respect to
r. But perhaps the most imp-rtant effect is that of the logarithmic
amplifier's response. ' ' |

5.1 Amplifier kesponse

- The time resporse of :he anplifief has already been given in
Fig. 2. A good check to see 1f'éhe-response of the anplifier is being
adjusted for correctly (see Appendix B) is to pass a lidar return from

| a target through the inversion with this correction. Figure 7 is the

result of such a calculation. Note that the progran has now considera-
bly compensated for the domntime and a relatively sharp response
remains. - ' ’ '

The target response can be considerably enhanéed with a Fourier
transform and deconvoluted with a Wiener filter (Ref. 24), but the
results, as indicated in Fig. 8, show thet the noise is cousiderably
amplified and the absolute values become unreliable. '
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Figure 9 is ;n 11lustration of results obtained from a scan of
an HC (hexachloroethane) smoke without compensation for the logarithmic
amplifier. The disturbance in this cloud map occurs for extinction
coefficients as large as 10”3 m~l. FPigure 10 shows the same cloud once
the logatiihnic amplifier tesponse has been corrected. Notice that
even at the lowest extinction coefficient, which is considerably
smaller than any in Fig. 9, there are no distortions of the éloud con-
touring. The cloud maps of Figs. 9 and 10 are computer calculated and
drawn and are in the form seen by the user of the program (Ref. 25).
ﬁote that similar distortions due to multi-scattering could occur in .

clouds.

5.2 Multi-Scattering

The various experiments and theory that have so far been con-
sidered in the literature ﬁnké it very difficult to ascertain the
effects of multi-scattering for a given beam geometry, field of view,
lidar system distance, aerosol, wavelength, size distiibution, etc.
(Refs. 15, 26-28). In#eed. many of the parameters on which multi-
scattering depend may only be known vaguely or not at all (e.g. parti-
cle size distribution and particle shape). ‘

When the cloud is dense emough, significant multi-scattering
will invalidate the lidar equation. Thus, either a new lidar equation
incorporating nulti-acaﬁtering should be used or the data adjusted so
that only the single-scatter coaponent of the_cignal is consideged.

' By examination ‘of the availabla theories and experinants (e.g.
Refs. 15, 26-28), a good rule of thumb would be to consider multi-
scattering when the optical depth is greater than 0.1 for lidar syste-s
approximately 1 km or more from the cloud and perhaps fot optica;
depths greater than l.d when the lidar system distance is close (about
50~100 m), as is the case with the LCM. This assumes that the field of
view of the lidar system is roughly in the range of 1 to 10 mrad.
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FIGURE 9 - Lidar-produced cloud map without correction of logarithmic
anplifier and multi~scattering
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The progrén that produced the examples for this report using the
nevw inversion method guarantees that the integral limit [18] will not
be exceeded so that some compensation for multi-scattering will be
present. No claim i3 mede here that this compensation is complete or

correct.

5.3 Particle Size Distribution

It is difficult to imaginpe conditions in nonsolid particulate
clouds or smokes in which the particle size distribution does not
change. Varying humidities will affect the size distribution of hygro-
scopic particles for example. For burning red phosphorus, the size
distribution will become stable only at some distance from the source,
even if the humidity is uniform. However, it was shown in Section 644
that'therelis good'agreenent between the calculation and the photo~
graphic evidence. Thus the value of k used cannot vary appreciably
from unity since this would change the cloud extent and hence bias
Fig. 4, since the inversion would give larger values. This can be
clearly seen in Figs. lla and b, which show a plot of extinction
coefficient versus distance for various values of k. Vpiues of k less
than unity affect the cloud extent to a greater degree than k > 1.
Notice that the extinction values are also change&, which qould'affecti

‘the relationships already shown in Fig. 3 and Table I.

‘ A survey of the literature indicates that tor most conditionl,

| k = 1. Theoretical results (Refs. 7, 29-32) and experinental results
- (Refs. 8, 17, 33-35) over a variety of materiils, particle shapes, and

'n ‘ﬁ{\ \:5 "

extinction coefficients indicate that this aniulptiqn of iineirity is

‘excellent. . However caution is required since, as indicated by results

in Refs. 8, 9, 33, 36-37, effects such as multi-scattering, changes of
size distribution (due to humidity or settling, etc.) and index of
refraction, and particle ahnpevcan cause nonlinearity. Values of

k = 0.66 have been reported (see Ref. 31 and the references contained
therein). '
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As mentioned in Section 3.4, the clear air extinction coeffi-
cleut o o can be 1nterpreted’ as the effective extinction coefficient in
order to account for the differences between the proportionality con-
stant d in [6] relating the clear air aerosol to the aerosol under
study. The subsequent inversion using the calibration value éf ac will
continue to be valid (under conditions discussed in Sectiom 4.1) unless
the constant d in [6] for the material studied changes.

6.0 SUMMARY AND CONCLUSIONS

In this report, a method has been developed that permits the
inversion of the lidar equation under a vide variety of conditions.
This solution overcomes instability in both the high and blow visibility
cases, in contrast vith the solutions proposed by Klett and Lentz
(Refs. 1, 2), by normalizing the signal by a clesr air return and
considering multi-scattering. This solution is éesigned to invert the

lidar equation more accurately and vith less computation.

It is demoustrated that there is a theoretical limit to the
total power received (normalfzed integrated backscattéer) in a return
signal vhich provides:

1. a check on the validity of the lidar equation;

2. 'avchcck on the system itself;

3. transmission at any point, independent of the inversion;

4. that the transmission 11- obtained after only ons numerical -

integration instead of two snd is therefore more accurate,
as a conuquenico of #3; and
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5. a new inversion method without the need for a guess or a

aeed for iteration to yield convergence to some constraint.
The solut;lon is validated in a number of ways, including:
1. comparison with Klett's method (Refs. 1 and 2);
~ 2. comparison of predicted Iand measured transmissiouns;

3. comparison of calculated concentrations with measured con-
centration values from the literature; and

4., cloud extent.

It 1.‘ also shown that calibrating the lidar signal with a
reference signal (in this report, a clear a':l.r signal) makes the
r2 correction 'unnecéuary and considerably improves the ability to
detect a weak signal amongst significant system noise. As a result,
the values of extinction produced by the inversion are independent of
' the starting point of the inversion.
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APPENDIX A

The Effects of Clear Air Calibration

In Section 3.4, where the new inversion method is developed, the
lidar return signal is divided by a clear air return (or by any other
reference signal). 1In so doing, the data are 1ﬁnediate1y coftected for
1/r2 attenuation, the system constant F(r), and most system noise. 1In
this appendix, the seasitivity gained due to the lattef effect will be

discussed.

Two histograms are given in Figs. Al and A2 of the same lidar
return showing the distribution, after 1n6ersion, of extihct;on coeffi-
cients. Here Fig. Al is the inversion w.*h just the 1/r2 correction,
while Fig. A2 is the same inversion but using the clear air return for
calibration. In both cases, the gshot has been corrected for laser
power signal with respect to the calibrating shot. Also, the clear air
extinction coefficient was takén to be 2.0 x 10”5 m~1. For this case,
the standard deviation 1is essentially halved by using the calibrating
shot. And, significantly, Fig. A2 allows for thé detection of a very
weak return of the cloud while, from the statistics of the noise,

Fig. Al does not. Indeed, the one point in Pig. A2 (at 2.6 x 10~5 m~1)
shows that the cloud is more than eight standard deviations from the
mean vhereas it is only three standard deviations from the mean in

" Fig. Al (at 2.3 x 10”5 a~}).

Figure A3 is the distribution for the extinction values of over
1200 clear air extinction coefficients. In this way, an excellent
- value of the standard deviation of the clear air extinction in the data '
can be derived, enabling the detection of very weak teturns. Pot
example, if an extinction value is over three standard deviations

.
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higher than the clear air median, the probability that the discrepancy
l is due to noise, with the present data, is less than 0.272. 1In this
‘ way it is possible to distinguish between what is signal and what is

. noise.
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APPENDIX B

Correction for the Logarithmic Amplifier Response

As shown 1n‘Fig. 2, the logarithmic amplifier response is far
from ideal, and the use of digital filters can be difficult (as in the
one attempt discussed in Section 5.1). The method used in the current
inversion program to correct for this response is to wmultiply the
return signal'by a factor less than unity if the cloud is sufficiently
dense. This factor decreases continuously as the integrated back-

' geatter gets larger. The actual factor used 1is Tz vhete T is the

optical depth and z is the adjustable parameter.

The program halts if too much correction is required, assuming
that calculation beyond this point produces meaningless information.
The amount of correction needed and when to halt the program must be
empirically decided. This is dqne by comparison with transmission
values and cloud extent. Note that the amount ajjusted for 1s con-
trolled by a single parameter z and that this is made a constant.

A nulti-paraueter model was felt to be too flexible, i.e. it could be

made to fit almost any condition. For the program used here, a value

of z = 0.8 was found to be reasonable; that is, it was a good fit with
the observed transmissions. ' ' '
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APPENDIX C

Numerical and Digitization Errors

In calculating the inversion, a numerical integration must be
pgrforued, with its inherent errors. ?urthetmore, the digitization of
the analog signal obtained by the LM also places an unavoidable error -
in ;he data, which is due to the finite word size of the digitizer.

A NS AP S A LTRSS

The purpose of this appendix is to estimate the importance of these 1{
errors. The errors produced in the integration'and digitization of t.e
artificial signal shown in Fig. Cl will be discussed. This is mathe-
matically a simple representatioan of a range-corrected lidar return
signal, with the height H and an offset D being adjustable. The para-
meter H 1s taken as a relative change between the clear air signal and
the plateau height and D is in unitilof the digitization rate.

Y N A

! . The error will be taken here as the difference between the theo~
: retical area under the curve (to the first data bin after the signal ’
. . height H) and the numerically derived areu. '

 GIGNAL
o /7 o—
: ! H (HEIGHT)
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D
(DISPLACEMENT)

PIGURE Cl - Artificial lidar return used for estimating numerical and
di_g_itiution errors
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TABLE CI

Variation of Integration Error with Offset and
__Signal Height (Infinite Word Size)

Signal Height (H)
1 10 100 1000
| ] o o <«w0.5 <.5 <0.5
OFPSET (D) | 0.1 o 3 8 . 10
. o 0.5 0 13 55 90
0.9 0 30 150 470
TABLE CII

Variation of Digitization Error with Offset and
Signal Height (8-Bit Word Size)

Signal Height (H)
1 10 100 1000
o o 1 50 90
OFFSET (D) | 0.1 0O 20 80 110
‘ 0.5 0 30 120 300
0.9 0 0 170 800
TABLE CIIT

Variation of Digitization Error with Offset aud

Signal Height (16-Bit Word Size)

Signal Height (H) -

1 10 100 1000

, o o o.8 8 10

orrszr (D) | 0.1 0 13 40 70

0.5 0 20 9 1200

09 0 30 1% 600 -
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Cl.1 Integration Errors

Both the offset D and height H of a “idar return can vary and,
in the case of a dense smoke, H can vary considerably even within the
best spatial resolution available to the LQM (1.5 m). For the program
of this report, Simpson's Rule was used since it is simple to apply and
the theoretical error term is of the fourth order in the digitization
rate. This is the most accurate method for mmerical integration under
conditions of a uniform digitization rate and at the same time gives an
ictegrated value (in combination with the trapezoidal rule) at eévery
digitized point. Table CI lists the errors associated with the numeri-
cal integration of Fig. Cl1 for ranges of offset from 0-0.9, 3ignal
heights of 1 to 1000 and an infinite digitization word size. It is
evident that large offsets can be tolerated only if the signal remains
relatively small.

Cl.2 Digitization Errors

The digitization errors have two sources other than that which
is included in the mmerical integratiom error. These are the finite
word length and round-off error. In the calculation done here, the two
are treated togethel_'. Tables CII and CIII are the errors obtained by
varying the word size, signal height H, and the offset D. It can be
seen that for a eerta:ln cabinction of H and D, there is a mll range
of word lizu in wh!.ch the erro® increases upidly.
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C2.0 DISCUSSION OF ERRORS

The LM digitizes lidar data with an 8-bit word size. In addi-

tion, the maximum observed relative change in signal strength due to

red phosphorus or HC smokes is 20 times over 1.5 m. Assuming, as a
rough approximation, that the signal increases linearly in the inter—
val, the maximum error due to numerical integration occulis for an off-
set of 0.5 when the signal has increased 10 times. Table CI then gives
a value of 13% for the error due to numerical integration. For the

' same case, the digitization error becomes 15%. In general, the rela-

tive change in the signal is cousiderably less than 20 times and errors
less than 5-10Z seem to be more likely. The integration dve: the total
s'ignal will have less error due to less signal variation and some error
cancellation.

It is clear from the above-mentioned information that computa-

.tional errors depend strongly on the sigml variation. Therefore the

inversion method presented in this report incurs less error than the

other uthpdo since transmission can be derived from one integral (the

normalized integrated backscatter) instead of two (i.e. the normalized
integrated backscatter and the integral of extinction values).
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APPENDIX D : ‘
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FORTRAN Program Listing of AGILE ' -

-'-'.‘- LSOO o
.--u g8 i.'-n

*»si

. \\-




UNCLASSIFIED

B 4 2

44

TITY YW e

-

ULYG NNML3N AFYAIT Q32IL119IC :H. qu3y

*0=22

8°=NZ

YO/ L=1Y)

c8008°"=yd

92=N

‘Es°2sy=1Y

0°E=Y

s 0~00m\b 9IS viuvd

(8S1)1D° nompwwm aomwuu (BS1)>d’(BS1)L7(BSLIWNS’ Aom-uunm P23

GI0HS3¥HL JNDNJ 3SION--~---22Z

3311 3UAYd NOTILD3AN0ID SIY-90T-----NZ

NIS HLI 3HL 1Y NOISSIWSNUdl---(I)L

AUNIY A3L1YISHIVE QIALVADIALNI Q3IZITHION-C(IIWNS
AN3IDJI 44300 NOILIJNILX3I QaAUBINDTI-(IIBIS
NOLLUJA93ALNI TUIIAIINN NI G3SN LNYLSHOD-----13
JONULSIA NIS 01 NIS G3IZILIDIQ------ . |

AUddY Uiud Nanu3da JYaI MYd--(I)id

AUdY U1Ud NAINL3Y MYd QIZIAYINIT---(I)d

NANL3Y dYAI 33d G3Y30ISNOD SHIS 40 AIBINN------N .

G33430ISNOD NiNL3¥ 40 NIY 1SYY------ A
. AUdIY AIY AYITD--(I) 1D
YisLi=1Y)---~14)

anun zonbquth JIv Y3 D-----YI
- (N33
duaI QNNH-_G._uoz SI0D38) AUNAY ULYAQ MUA JIY JUID---(I)D
zonh¢NHJ¢nhH2n
(NOILYUNO3 d3YAI 3HL 40 NOISAINNI JIiYd3N3ID ATWIILWI0LNY)
35y
BOEEERARGE AT AFLIATRNY L A I R AT JRPR PRk R N A N R A A

ULV LLVUVLULLLLVULVLLUY

o |
9
9

_
o,
.

rig

L
CSRS

LRI

e

“ne
:tyﬁg'ﬁ

oy




UNCLASSIFIED
45 .

HLd3Q WOILldO 3NO ILNN NOILUYOILNI Q0IZ3dYdl S NOSIMIS

: (I)J=CI>1D 8
Aﬁuu-nuugxnmumv (I
X‘1=I 8 00

NOILO3INN0D mH¢ AY3IT

*1=32 ¢ 1°19°22)4I
(1)2,(1)d=2D

JUNDIS NINL3IN JOJ 304 HOILDINN0D

N=) {(8°83°J1
3NNILNOD St
1-I=3 (ZZ°11° (1) 4T 9L
SL91‘stE O 4L
N 1=I S! OQ
8=3 9

3NO SI 3¥3HL 4I QI0HS3¥HL 3SION MON38 SI HOIHN sz GNI 4

a@.@onuu—m»wm&.unnm—uaﬁum S
(9°9-(1)2s920° vnnowuﬁcu

N‘1=I 5 00 v,

¥ivg Nuy uNHaGNZHJ

(I)D (9891 °8)QY3N 1
nHu—m AOQOF S)agu3y
‘N“1=I | 0Q

L Sux ¥UaI1 G3ZILISIA NI ewu

(SYSYE) VY

VWY

(SRR (FRE RS

SYSYY

Y

A\
X

‘
N
<

U

oo
S
Ry




i ewm wisis x DEEEE . o € 8 4 1 GME .t._.%.vas' . AGENIGe B 6 o 8 & AGENNE-4 ‘-4 . o & SamE & & & ¥ P S SeMmmmoe WTW & & A-soTEmReoe -8 ocane o0 S - - o - ————— -

A ((1eI)I+ (1)) +(DNNS=( L +IIUNS
$010109 (S88°8°11°(1+1)D) 41
(NZss (U2 (IDUWNSI-"1)x(L+I)I=(1+I)D
$810109 (14D°39°(IXWNS) ST 801
2188 (2-I)-CL-DDUNS=(1-1dWNS -
8010L09 (C1-IXUNS° 19" (IHXUNS) JI
LASCCIIDCCL-1I)32 e (2-1)D)+(2-DIUNS=(IIUNS 1081
: - -3 3 %1111 >
I=) €08l
S110109
- 1-I=) 01
o , 1910109 (S98°8°39° (1)1
(NZ32 (YO (1-1UNS)-" L) s (I)I=(1)D
271-2713=1I 284 00

NOILD33A0D 33LLIYOS-IL NN
ONY ddU-9507 HLIM NOILYN9ALINI (Q0IZ3dUdl/S. NOSAMIIS

46

(SRR R

L-I=1X 21t

| L+I=I bit
, 5810109
LAZC O I+ 1= D% " b+ (2-X) D)+ (2-MWNS= DWNS
, S810109 (8°03°2X) 41

UNCLASSIFIED

- (@7A)x2-A=2A
PLIOL0D (9°21HD 1D (L+IDUNS)IST 118
A ((1+I)I+(I)D)+(IXUNS=C i +IIUNS
2110109 (9°=iUD°19°(IXWNS) JI
L2 C(CIID+(1-1)D% " p+(2-1)D)+(2-DIWNS=(IIWNS
21=-M"e=1I it 0Q
(€(230¢(1)I)sd=(2HWNS
“B=CLWNS

“ o,
LRl
vt

o
AT .

-
LR

-
o %

I
“ae

A
ALY
v

SRS N
DA
-‘ A o, '\

.

o
o, [
< el

J
HLd3Q “YOILd0 3NO TILNN NOILUN9ILNI Q0IZ3dYdL~-S,NOSAIS D
: - J

. . ’
- - . A
- ° . R [N .

-. :
ANASEY




R e e e S b DOSSOOBN b e N ST PO,

aN3
R : . do1s -
A—.wusw.mu~m.mu~m.owusm.m—usm 84°2°64°1° mu X—uthmou 20081
(s.d o071, ‘X2’ .d :HJs ‘X2’ , 8800 SW,X2°,9ISN, X9 -
“ ¢ TYNDALNI , “Xb‘ , "SNUAUL, ‘XE’ ,* 430D, ‘XE’ (W) ¥, ‘XS)LLWIN0S ¥0O1
(E°94 quhczmcu eeol
nHv—& (I)dl
“CID/(1)D(I)D’ aHvz:m (I)1%°081 ‘(X)9IS ‘9" 9E-12Y nhoo- 2)3LIdM 18E
> M wnH 1BE 0a
($801 ‘9)3ALIdN

S1INS3d ALIaM

(SRR

7

C((IDUWNS-18)) ~(1)J=(1)91S Bt
(§° vnnac0~aHvE:m'—u =(I)1
A‘1=1 811 0a Ssel

VIV LAI D AL LA

NOIS¥3INNI NOILUNO3 mchJ

VLWL

3NNILNGD Sk}
"2/138(2-1)9- (1-)MNS=( L-D)UNS
SLLOLO9D (C1-DWNS 19" (KWNS) 4T 681
L-J=X 981
6810109 C(I1YD°3IT"CDOWNSIAT ~
.annaxvu.n, =M)I% " b+ (2-X) D)+ (2-UNS=(NIHNS
9810109 (508°8°171° (X)) 41
(NZS2(YIXCL-DDWNS)-" )2 (NID=(N)D
SLIOLOD (1°03"2X)4I . v
(2/7CIA-))22-C A=) =2 - : S
€BLOLOD (1YD°39°(1+IXUNS)JT 201 : o

.”‘ LR
et .
-~

e, ere
‘:0“:-‘ - \.-.'
'4’1\' AR Y g‘.}f.

SR

.

0




P R B B e e -u

48

'UINGIMADO LY LWV

8 il
u @2l
@-221
8221
e-ecl
8-021
8-€2!
8-s2l
B-2z2t
8ozt
812t
8-221
8-szt
e-czi
8°sai
822t
9-22!
882t
8- 82l
882l
8°LEL
8°SEL
8°SEl
8" 1€l
8-62t
8°SE}
81l
8°LEL
8°€E}
@°Ecl
8 i1bl
8°9bl

Zi2ensn”
lEEBBB"

€LEGBO"°

E€LE0060°
LEEDDB°
LEEODB"®
96t008°
v24800°
ELECEGO"
| EEGBOD"
25eoen”
$85800°
i»+808°
96€008°
ivrean”
+asene”
»85000°"
sS£5008°
SESBa8”
SES000°
B8vS600°
£18660"

€986860°

evsess”
895088°
€180688"
¥91i00°
9160€3°
lecenn”
1220660°
voLiee”
8isi08°

21217 a2
ego°t
eea°’t
eeo“t
eea“l
2112 b 4
Geo"1
eeg° |l
eoe°}
aen°i
1212 b A
eena°i
21517 Bl 2
688" 1
e6es° 1
(21217 a2
1213]% Il |
eee" i
21517 Il ¢
goa" 1
eeo" !
21512 Rl

ese" -

e8o° 1
eua°i
21212 R
eoe°t
eae” i
215 ]2 Rl 3

0ge° 1

2102 hall 4
eee°t

21"l
et
6bE° L
GVE" L
ice°t
6vE°L
G6LE° L
6bE°L
Z61°1
1e°t
ie2°t
261°1
L6171

261°1 .

1ee’t
i61°8
261°1
261°1
i61°1
869°

12s°i
ceEPy°i
6vE”"L
1eect
ceEr’i
cEP°l
6bE" |
et
et

vX-{ B

et
cEr-L

d 5071 d NIT °“330D S 9ISN

26°8L1
EE°SLL
eE°LIL
tecLol
9r°cal
€S°€6o
8b'S6
bb°16
€4°L8
€0°48
gi°es
8»°9L
68°22
BE°69
€S°S9
€3°19

- $¥2°8S

$3°pG
18°85
96° L
81 bb
SL°6E
87°SE
S9°1E
25°22

-7 X4

S9°61
2i°st
2Tl

- b9°e

S8°d
ee°

A ANT

llllll

188°66

§38°66
682°66
€68°66
968°€66
836°66
¥96°66
686°66
216°66
916°66
P<6°66
€26°66
226°66
1E6°66
bE ""66
REG°66
cb6°66
S+6°66
6+6°66
256°66
956°66
896°66
¥96°65
896° 66
c26°66
226°66

- 186766

S86°66
686°66
266°66
966°66

9226000°
§520000°
8.26006°

8228800°

s52€4868°
|sceenn”
86L20808*
8L22808°.
erceeen”
5s2eeen”
§52a8088°
e»c0e680°

‘ar2eenn”

eregean”

$520600°
-@r200808°

©-20000"
8r20829°
8r20800°
er10008°
»BEBDB0°
£820000°
8220800°
$528000°
2820009°
28200r3°

. 84286800°

»Sceeen”
$S528000°
$226088°
$¥5280008°

600°03F 9820000°

*SNUAL

*4300

mh“°;8§

v
o 0= 1 s 00 00

F’
9-22
1°12
9°69
1°89
9°99
1°59
9°€9
1°29
9°89
1°65
9°25

()R]

SERARA

Ta * ¢
.
-

- o
-j: ’.‘; }.‘:,‘-" A .
- ‘-_\_..' . A .




UNCLASSIFIED

49

8°sSbi
8°SSi
e8-831
e vr8l
0°s6tL
8°802
g°gie
8 Eee
8°9ee
8°8F2
8°1se
e-vse
8 esa
8°9pe

- 8°L€2

a° 82
a8°»Sa
8°8ta
e-ele

- acest

8°ssi
8° 1St
0°9¢ElL
8°seait
eciel

(*°611

8°8Lt
0°811L
a°8tLt
0°3L1
8°6tL4
8°6i1t
8°6ll
8°2ii

62¥l@0°
2692809°
193580°
aLesie”
2iS6¢l8°
692v90°
@s69tt’
192251°
66.881°

£52L8E"° -

PEEEPS”
252680°

L2EPBL”

2s1529°
€52$9€E"
269v9L°
25.6088"
25228€°
Ebb2206°
255€E18°
868580°

8iicen”

£98008°
2bbBaa°
25£080°

2LE8e8°
p6aeee”

»62080°
v6c688”
¥62020°
<i£889°
2iEgen”
21E008°
222600°

8Lv°
gLL”
865°1
bEV Y
s5v2°6
8eg-ed

‘9E€S°LE

629°ES
260°89
pba" el
191°659
8EH° 181
B6L°LE8
825°96L
9E£8°658
8S6°EELE
262°8605
866°2881
899°22p
9b6°ED
S16°92
82E°01
202" b

.82

biL L
1es°1
6vE" L
i61°1
tee’t
6¥E° 1L
6PE"L
26171
261°1
el

91 °6vbLb
bS°Lbbip
60" Pbiip

S6°Sterib

Eb SIbLd
£6°22€L¥
2b-582Lp
€L EbLLY
£0°E263p

9°6889F

98°82SSb
00°S6L42h
81 ° 98608

60°2092€

c9°22IsE
le-eevee
64°82ckl
-1 A1

- &2°PbSiL

S8°V6E
82°8b2
26°261
gL €21
85°€91
88°251.
€0°€St
€L°8bl
16°bbi
22°1vl
62°LEL
91°EEL
bE“621
2s°521
€222t

£85°¢2
¥6S°c2
8i9°g2
sb9° 22
9cge~ae
ce6°ee

8BE"€ES

106" €S

- $89° b2

192°se
9EL 62
896°2€

- 802" bb

S8L°6Y

8bS°¥S

911729
€sS° 48

458°S6 -

8E8°86
$89°66

1SL°66
£408°66

£28°66
9€8°66
c¥8°66
.b8°66
158°66
558°66
6S8°66
c98°66
£98°66
1£8°66
$23°66

8.8°66

“\
\

€2818e0°
. 228E06B°
6129000°
€622100°
1225€€8°
 5026288°
9228E10°
SE6L810°
9254510°
8229£50°
_9LESIKL”

28921kl
LBEBESD"

6892p90°

6+622S0°

€984591°
89€S2k1°
9v601+0°

-2e€S9860"

ge69160°
el»S089°

»202000°

»+808000°
2Eb0B0860°
b+EBA60°
S8Ege09°
1220800°

. @8¥26000°

§520000°
1220086°
122600’
-8b20088°
er2eee0°

92282608"

.

4 wend

TR S Y

e,

S P L RN I

N AL W T W, A W, e e -

- -

B IV G S R NS

LR g WK o

o, SIS




A AR 33 PR AR 3 B S eI

[=]

=

ot

mm

E - . ,

. . P =d01Sz 2

8°681L 121660 1¥8° e98° 6y°"ESYLP 895°22 Sv2B0R8" L°6si e
6°201 2Si080° pO° 6v08° YEESPLY 896°22 <610668° 9°891 ﬁ
8°1lil €E61G80° LIbB° 6S08° . 8L°ESYLY 695°22 B8£26088° 1°49% “
8°9LL 192680° 1+8° 628° . 26°2S¥ib 828°22 LLEBBGR® 9°S99. -
3°Gll 21€688° 1p0° 1] R - VA1 91 125°22 S6E0BB0° 1°$91 -
8°821 LEECEVB° 1¥O° 201° 6E°2SveF  T2S5°22° 61$80BB° 9°291 . -
8-22L €2£008° L¥B° o B N 96°2svidy pis 22 SHybLcous” L°191 Py
8°821 SESB308° 160 291" $S° ISheP 925°22 - 2€9B083° 9°6S1
B°2EL 629388° 1+8° 9gz° 68" LShep 825°22 ©180088° 1°8Si
8°8El m...aocc., -..vo. v..m.. PE-BSPLP c28s 22 <2£21088° 9°9sS1

—p e gy w
LA (SRt -’»‘.’n\'

(CPCI St e o

Ny

Ly

................
........




,.v *osu0dsea 1033938p [vepI-uou pus FUTIIINIE-JIINE

‘U0TINTIL UOFIJUTIXS [P0 SNSISA 19IIVISYPEG 9y3 031 USAIS 87 UOTIVIII®

Teioedg  *sousizoduy SATINTEI AJIYI 87 S¥ POUTTIING 1P POYINW UOYSIIAUT
9yl uy pur uojiwnbs 1wpyy a933vos-s(Buys syl uj peujeiuod suojidunssw
Syl °SPOYISE UOTSIASAUT I9YI0 Y] JO SUCTESNISTP daw pepnidul

*UCTIRINOTED Y3 SIPFIFUF O3 UANISA IEPIT Yows 103 ssend v Bujyve
2a1nbax 10u Ssop U0 SIY3 ‘suojsasauy snojasad snyyrUN  ‘PRIVPIIPA pue
pea01dxd ST POYIE UOTSISAUL STYy JO LIwamdde syl °-pedoieadp s} WOTI

-snba 1®pIT WYl JO POYIIW UOTEIRAUT IISTY Y3 JO WMI0J peTJIpom V

susaz °N°1°9 &q ,uojaenby avpy1 ®y3 jJo voFsasau] "3 u,

0¥ V0D *end ‘s33eTedano) ‘00gg X094 *0°d ‘AiMa
‘speus) ‘GNA ‘Youvag JusmdoINARQ PUP YIIARISRY

(QITJISSVIONR) 98/CHEYy-1 ATa

*20ucdsea 030938p TPSpI.-tou puw SUTISIIPIE-FIYNE

. ‘UDTINTI2 VOTIDUTIAS [PI0F SNSISA 13IIEI9PY Y3 03 UIATE 83 UOTIVIIIW

TeIoadg  csduvizodw} FATIPTII ATWYI ST ¥ PIUTIING IV POYISW UOFIARAUY
®y3 up pur vojisnbs awpyT 2933e38-87Buls Y1 U PIUTEIVOD suojidunssw
Syl °SPOYIIW UOTEIFAUT IO I JO SUOTISNISIP 8w PIpnyduUY

SUOTIRTAOTED Y SIVFITUJ O3 VINISZ IWPIT Youe 303 ssend » Fuyyem
sxynbez jou se0p VO STYI ‘suoTsIBAUT.sNOTASId SYFYU °‘PIIEPYIvA puw
peaotdxs S} POYlom UOTEISAUT STYI JO LOeanddw syl -psdoIasp 8] WOY1

-enb3 awPIY Y3 JO POYIIW VOTEINAUT IISTY W3 JO WIOJ PIFITPOm ¥

sueag °N-1'€ £q _uojyenby aepy1 a3 jo wopsasAul a3 wo_

Od1 V09 *ond ‘®33eedano) ‘0088 XO¢ °0°d ‘ANNG
*spRue) ‘GNG ‘yYousag juswdogsasq puw yoawssey ~

(GITJISSVIONR) ¥9/€yey-% ATua

cssuodsel 1032938p Twepi-Gou pue Fujaelisdre-jI(nm

‘D0JIPTAI UOFIDUTIXS [FI0F SNEISA I9IILISYOY 8Y) 03 USATS 8] uojIUNIIE

TeIo8dg souvlioduy SATIUTEL 2Ty 6] S¥ POUTTING 2IP POUINE UNISINAUY

®y3 uy pue uojienbs awpyy 293rvos-eyBuls Wy3 uj peujwiucd suojidwnese
Yl °*SPOYINE UOTEISAUT 20430 SyI JO SUOTESNISIP 81w pepnidu]l

*UOTISTROTED S4y3 SIVFIFUF 03 UVINISA IWPT] Yowe 103 seand v Supyem
81nbaz 30U S0P VO STYI ‘SUOTSAGAUT SNOTAS2d SNFTUQR CPEIEPIITA puw
peioTdxe o7 poylsm UOFSIAU} SIY) 20 LowandOw_ syl °pedo]easp 8] UOTI

-enbs 1WPT] ) JO POYISW VOTEIBAUT IISTA 43 JO WI0F PeIFIpom V¥

susag °*N°l°g £q _uoyienbdy 2wpy] sy3 jJO UVOFSIBAU]L I WO, )

0¥1 V0D ‘erid ‘sa3eyedanod ‘00es X0 *0°d ‘AMIQ
*speuw) ‘GNG °‘yousag Juemdorsasqg pue Yoawvecay

(QaTdISSVIONN) ¥8/€y¢y-2 ATNA

<osuodesa 2032879p (vepI-vOU puv nan.uouuou-caunal
‘UDTIVIRA UOTIDUTIXS [PI0I SNSISA 19IINISAOEG 8Y3 03 uIATS ST UOFIUSIIY

Te1o8dg *90us110dul-ATIFII2ATHGY ¢ SV PRUTTING $IV POYIIW UOFEISAGT
%) uy puv woyIenbs awpyy ae33wde-sTBule Syl uj peuyviuod suojidunsse
Yl °*SPOYIE TOTSISAV] INI0 SYI JO SUOTESNISIP 2w pepniouj]

*UOTIPTIOTED I SIPFIFUS OF UINISI ITPYT YOws 103 erend w !.:rl
oxynbea jou ssop suo $TYI ‘suoyeasauy snojasad exjyun *PRITPIIvA puw
peaodus s} poyism UOFEIRAUT STYI O LIRINIOE Byl -pedoTvASp ST UOE3

~wnbe 1¥pIT W3 JO POYIE UOTSIRAUT IINTY W3 JO W10} PeTIIPOWm ¥
susag °N°1°€ 4q _uoj3endy Ispy1 Y3 jJo UOTsIsAU] 843 uQ,

OUT V0O *ond) ‘@3391ed21n0) ‘00ge XO0% °7°d ‘AWSQ
*epvue) ‘GNG ‘youvag jJuemdorsa®q puw ydawesey

(QI1JISSVIONN) ¥9/€YCy-R ARG




°8In®32913Pp

sop ajenbgpeuy ssuodga wy ¥ 38 o(dyI[NW UOEENZJIP T ¥ ‘STwI0) WOTI

-ouIXe,[ I9 VOFINIJTPOIIPI P SI13US VOFIPII wl Y SIPIOgds uwoyIueIe

un 2p1000® UQY °‘UOFSISAVE,P Spoylgw ¥ 3I» enbjun woysnjIp ¥y anod

aepyy uoyiwnby,1 op Juswaddoisagp o1 suep sespyi0diy ssp sduwjaode},]
2ufynos UQ °UOTEISAUT,P SAPOYIGW ES1IINT SBP [SENT IINISFP UQ

*awpjl JuswsuuoLwa NP IN03ISI nbeyd § VOFIOUFIXD, T
22uTRI?3Igp anod GOTINWIISS sun,p jordwe T 1837Ag,p Jsmxed UCTIIFIIPOW
w ‘sonuuod PfPP SSPOYIFE XNT JUIRNIIFEIIVCD °SSPIJUOEPP JUCSE SpoYyIgw
STI9ATOR 93380 S SPNIFIONXS,T 30 PITPTI¥A ¥ cawpjl uojIendy,i

anod 3397) awd syddojeayp ucysasAul,p SpoyIys €I PIJFIpom ¥ UO

susag °*N°J°g and _2wpyT uoyIenby, T ®p UOTSISAUT,P SPOYIYKH,

0¥l V09 .w.&..ouuoqouu..oo ‘0088 °d'D ‘AQEd
sspruw) ‘NQH ‘IJusmaddoreagg I8 syoxeydsy -~ nweang

(ILLISSVID NON) 98/CyEy-¥ AMD

*8IN930913P
s9p #3enbypeuy Sncmuu o7 7 30 ofdIITnm VOTENJIIIP OT § ‘9YP 03 WOYY
~Juj3IXe,[ 39 GOTENIFTPOIIPX ¥ SIIUS UOTIFTNL ¥ ¢ #I9)Ogde wojIUNIIY
JUN 9PI0IOE UQ °UOFSISAUY,P SpoyIgm ¥l I8 snbjun woysnjjIp w1 anod
aepyp vojaenby,| 9p Juswdddoyeagp oY suwp sesgyiodiy sop Iduwizoduy,y
SUSIINOS TQ °UOTSIAUT,P SIPOYIJW SSIINT SIP IESNE NINISTP W)
) *3wpl] 3uswmsuucAwa np 1n0393 enbwyd § DOFIdLFIXNS, |
uonqluou!. anod uwoj3ewyise sun .p Jordes .1 1933y ,p 39mied BOTINOTITPOR
®1 ‘senuuod PP SEPOYIPE XNT JUNWHITRIIVO) *SIJIIVOWPP JUOS IPOYIYE
ST9ANOU 93380 ®p SPNIFIVNAN,T I0 PITPTIPA ¥1 *IBPIT UoIeNbY,g
anod 3387 Jvd agddoTeagp LOTSISAGT,P EpOYIgm VI PFjIpom ® UQ

susAg °*N°l°§ aed _aepyy uwoiienby,y sp Snouo»n«.v SPOYIRN,,
’ 0¥l Y09 *3nd ‘es33eysdano) ‘00gg °d°D ‘ACND
*sprur) ‘NGN ‘Iusmaddorsagqg 39 dasyoey - nweang

- (21418SYD NOR)  ¥8/CYEY-B ATD

*9IN930013p

sap esiwnbgpeuy ssuodgz ®y § 30 SydyITnE VOTSNIIIP O ¢ ‘eTPI0Y K13

~5ujIXS,T 39 VOTENJJIPOIIPA P 923U UVOJIVTEI BT ¢ PIFIOgds uoJIUNIE

LN #PI0DOW UQ °UOFEISATF,P Spoyigm ®Y 3@ snbjun wojsnjijip o1 anod

aspy1 uojiwnby,1 sp jussaddoreagp o1 euep seegyiodAy sep sduwiiodey,y
suSIINOs UQ °UOFSIPAUY,P SPPOYIgu S91INT GOp JEINT INVSIP W

_ *2epyT Jusmsuuofwa np anojea enbwyd p UVOTIIVIIXS, T
2autmiaigp xnod uojiemyise sun,p joides,1 I813Ag,p Jemied VOTINIFIPOE
o] ‘sonuuod plIp SIPOYIPE XN JUSESITEIILOD °*SEPIJVOEWPP U0 WpoYIgw
STI9ANOU 93390 Sp PPNIFIIEXS, T I8 JIFTPFIPA W1 °*aspyT wvoyIenby,y

anod 3391 awd #3ddoTeAgp UOTSIRAUY,p SPOYIgW ¥T PFJTPOW ® UY

sueAz °N°l°d@ awd _awpyy uojIendy,T sp uvoyeIsAuy,p ovo..u-:..

O¥T Y09 *3nd ‘®ieqedano) ‘0088 °d°D ‘AqDd
*speus) ‘NOH ‘Iusseddolsagq 3I® Wydasydey -~ nEIINg

(ITAISSYID NON) 98/€CyEy-d ATEO

*BIN9IDNIYP
ssp sasnbypeuj ssuodya vy § 39 ST4TITNE VOFENIIIP T § ‘IR0 WO

-SujIxe, 19 FOFINFFTPO3IPT ST S13US UOFIV[e: ] § *vIOgds vojIuveIIw

sUN 8PIOJOW UQ °UOTEISAUY,P SPOYIPE ¥ I8 snbun WOIENIIIP *1 anod

29pyy uojienby, T op Jusmaddoyeagp o1 suwp sespylodiy sep souwrzodwy,y

suSyINOS UQ °‘UOFSISAUT,P SIPOYIPE SPIINT $IP JIINT VINDETP LD

*3py1 Jusmsuvoles np INOIeI SnbWYD § VOFIDUFIXS,T

Jeutuisyyp Inod UOIIVEFILE sun,p JoTdws,T 3917ay,p ImiIsd UOTIWFIFPOE

®1 ‘senuucd pfPP SEPOYIPE ENT JUSIIFRIIVOY . S9PIIUONPP IUOY PPOYIYE.

SIPANOT 93190 P PPNITIIELAN,T 3¢ PITPTIEA ]  °IWPYY uUojINndy g
anod 3307) Ivd sgddoyeagp eo«-u-::.v .opoyige T PEJIpow ¥ up

susag °N°1°¢ awd ..u-ku .C«u!.e-.n " Su-urbﬂq.v SPOYIPR,,

O0UT V09 *3MND ‘e33eredanod ‘00ge *d°) ‘ATED

*spruR) ‘RQR ‘juemeddoyeagq 19 -¥PPPiwgIeY - Nweing

(ILLISSYD) NON)  99/€YEY-T ATD

...... v o
PP TN R 4

. . . .
Te e e S <W°>t°,

R AP LA e
FANSIEL BRI O,

X
P

-
e W
)

N
.J .




