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Ahstract-In this paper, we dcal with the human-robot 
interaction control problem. Leveis of actuation of the user 
are considered in the human-robot intet·action model from a 
stochastic point of view. It is given in terms of a Ma rkovian 
approach. Electromyographic signals are used to compute jump 
parametcrs bctween different leveis of intet·action. In this 
way, human neuromuscula r system defines the behavior of the 
Markov chain. A unified approach composed by robust Kalman 
filter and robust regulator for discrete-tirne Markovian jump 
linear systems is proposed. Also, a serious game is used to 
generate visual feedback and prornote the active participation 
of the user. Experimental results show high accuracy in tl1e 
Markovian cornpliance control for a robotic platform applied 
in anklc rehabilitation. 

I. INTRO DUCTION 

Rehabilitation Robotics (RR) is a rcsearch area where 
interactive robots are used to recover motor functions of 
people with neurological injuries [ I ), [2], [3]. T n th is context, 
severa! interaclion control approaches have been considered 
to deal with Human-Robot Imeraction (HRI) problems [4 ], 
[5], [6]. However, when it is considered the interaction 
between robot and palient, different neuromuscular responses 
can be evidenced according to the injury degree. We have 
advocated that the identification of the human participation 
should be taken into account in the dcvelopment of intcr­
action contrais [7]. In [8], we presented a control strategy 
for robotic rehabilitation that regards temporal transitions 
of the human impedance around the joints. Such transitions 
were modeled via discrete-time Markov chain , considering 
a set of operation modes, a probability matrix, and the 
jump parameter. However, the method used to identify jumps 
between modes, based only on k.inematic data, does not 
take into account the neuromuscular activity of the user. 
T herefore, we propose to use the electromyographic signals 
for on-Jinc dctection of the j ump parameter. 

We solve this human-robot in teraction control problern 
based on a unified approach of the Robust Kalman Fil ter 
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[9 ], [ 1 O] and the Robust Regulator [I I ] fo r Discre te-time 
Markovian jump Linear Systems (RKF and RR-DMJLS, 
respectively). S imulation results a re shown in [ 12]. A robotic 
rehabil itation scenario is proposed, where a series e lastic 
actuator (S EA)-based Robotic Pl atform for Ankle Rehabili­
tation (SRPAR), and an interactive game for therapy (serious 
game) are used. We are motivated to apply robust advanced 
contra! and fil tering approaches for lower limb rehabili tation 
therapy for severa! reasons. First, to provide a Markovian 
compliance control that takes into account abrupt changcs in 
the parameters of the dynam ic systems, intrinsic characteris­
tic of HRJ systems. Second. to improve the onlí ne estimation 
methodology o f Lhe jump paramcter, Bk. proposed in our 
paper in [71. For this purpo e, the electrornyographic (EMG) 
signal of muscular activi ties of Peroneus Longus (PL) and 
Gastrocnemius (GA) muscles are extracted. They participate 
directly in the plantarflexion and dorsiflexion movements of 
lhe ankle. Third, we are interested in validating our proposal 
in individuais w ith stroke in a future work. T herefore, safety 
and precision are crucial factors in these prel iminary results . 

The rest of this paper is organized as follows. Section 
IT presents the experi mental setup and the SRPAR nominal 
rnodel. Section Ili and IV address the contra! strategies used 
for controlling the SRPAR in in teracti on with the human 
being. Sections V and VI reporl Lhe expetimental protocol 
and results to illustrate the effectiveness of the methods. 
Finally, Section VII provides thc conclusions and some final 
remarks for fu ture work. 

!1. EXPE RIMENTAL SETU P AND NOMI NAL 
MO DEL 

A. Experimental Setup 

The experimental setup is composed of the SRPAR, the 
electromyographic system, and the serious game, as shown 
in Fig. l. Thi s setup provides comrolled assistance during 
dorsiflexion and plantarftexion movements. The platform 
has a series e lastic actuator (SEA), an angular position 
encoder, and a force sensor, where a linear potentiometer 
measures the spring deformation of the SEA. The SRPAR 
also counts with power driver EP OS 24/5, which regulares 
currcnt and velocity of the motor. E lecu·omyographic signals 
of leg muscles are measurements through the Trigno Wireless 
Delsys system. The EMG sensor has the range of I I mv 
and resolulion o f I 68 n V /bit. For signal conditioning, an 
electronic amplifier ci rcuit with a gain equal to 100 is used 
to send signals to analog to digital converter in the EPOS 
24/5. The serious game is development in C++ language. lt 
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Fig. I. Ovcrall scheme fo•· thc Human-robot system: Experimental setup and imeraction control. 
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a llows feedback visualization, as well as, motivares the user 
to do movements with a predefined sequencc. 

B. State-space Model of the SRPAR 

The SRPAR dynamjcs is represented by Equations (1) and 
(2). Here. the state vecror, .ra. is composed by the angular 
position of the load, (h Lhe spring force, Fs, and its first 
derivate respect to time, P,. The angular velocity of the 
motor, wm . is the control input of the system. Thc human 
torque, r,.., and the angular position of the motor, <l>rn. are 
considered input disturbances and l'k rcpresents thc output 
noise vec tor. 

The assisted torque providcd by the SRPAR is proportional 
to the spring force. r""'s = K 8 6.X , where, K s and !:!..X are 
the stiffness constant and defonnation of the spring. The 
mechanical impedance of Lhe internai motor-transmission 
system is compound by a cartesian inertia, Alm e.q = p2 ( J p+ 

N '; I m), and damping, Brne<J = p2 (Cp+N~Crn); J and C 
are the torsional inertia and damping wi th subscripts rn for 
motor and p for the pulley. NP is the pulley ratio and p is a 
rotational-to-linear factor of ball screw lead. 

The output load consists of a 4-link mechanism attached 
to lhe foot. The angular movement is mapped to linear 
displacement by the Jacobian constam J. A second-order 
model (stiffness, damping, and inertia) was used to rep­
resent ank.Ie dynarnics. The output mechanical impedance 
describing the in tcraction between the ankle and platform 
is characterized by an equivalen t inertia, ]1 = Jplat + Jh. 

damping, C1 = Cptr11 +C h, and stiffness, K h, with subscripts 
plat for platfonn and h for human. 

The model considers two operation modes: the resistive 
mode, 8~,- = 1, when Lhe platform torque is opposite to fooL 
torque and the passive mode, ek = 2, when the platform 
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carries the user's foot. 
The representation o f state-space in ( I )-(2) is an alternative 

fonn of the model presented in [7, eq. (20), eq. (2 l)l. It is 
worth mentio ning that ali parameters of thc dynamic model 
are t.he same presented in [7, Table 11 . The parameters used 
fo r each Markovian opcration mode ( See Table I) are based 
on [13], and [14]. 

TABLE I 
H UMAN PARAMETERS 

Pa.rameter ()j, - 1 
Jh (kg · m") 0.08 

Ch (N · m · sjrad) 5 
Kh (N · m/rad) 200 

e •. - 2 
0.02 
0.5 
20 

Ill. THE COMPLI ANCE CONTROL 

The compliance control is used to obtain an appropriate 
interaction between user and robot. Tt is given by: 

(3) 

where Td is the desired torque, 44 is lhe desired trajectory for 
the load, and K v is the virtual stiffness. Also, it is included a 
feed-forward term, J\·,,=:rjJf, for reducing overshooting, where 
t is an adjustment term. The interaction control scheme for 
the human-robot system is shown in Fig. I. The desired 
torque, TJ, is further converted to a desired force, FJ, which 
is defined as input to the Markovian robust force controller. 

I V. FORCE CONTROLLER BASED ON ROBUST KALMAN 
FILTER ANO ROBUST R EGULATOR FOR DMJLS 

Consider the human-robot model in ( I )-(2), which relating 
the physical parameters of the SRPAR and a simplified model 
of human ankle joint. To ensure an accurate compliance 
control, we propose a Markovian robust force controller 
based on RKF and RR-DMJLS. 

Now let us consider the platform and the neuromuscular 
system modeled like DMJLS subject to parametric uncer­
tainties with partia! access to the state variables. lts model 
includcs the state vector x~.; E ~", the measurement output 
vcctor Yk E ~P, lhe control input uk E ~m 1 , the disturbance 
input ~~'k E ~m, and the outpu t noise vector l'k E ~~ : 

Xk+ I = (Ft!,,k + 6Fe, ,J..·)x,. + (Be •. k + 6B11".k)uk 
+(Gok,k + 6Gok.ÚWk. (4) 

m· = Cth,,kXk + De, .J..·Vk. k = O, ... ,JV - 1, 

where Fek.k E lR" x" , Bilk. k E lRnxm,, Ge.,k E ~·txm2, 

Cok.k E ~pxn and De, ,k E ~px l are nominal parameter 
matt·iccs. Thc uncertainty matrices liFe,. ,k E ~" x " and 
6flo",k E l~nxm , are defined from flo",k E ~nx q (nonzero 

t · ) E E Tll>lXn E E Tll> l X1n 1 ma nx , F"k ·" ~ , BH"·'· 11'< ' 

[ôFok.k ôBo".k] = flo".k t:,. ~".k [ EpH" .'" E a.,. ,. ] . (5) 

t:,.t,,. E JR.qxl is an arbitrary matrix such that 11 t:,.L1.: l_l s; 1. 

Through lhe use o f a di screte-lime Markov chain { ek }~~11 is 
possible to model time transitions and operation modes in a 

process. where ek is called the jump parameter and belongs 
to a fi nite set e:= {l , ... ,s} and admits values at cach 
time moment k in order to establish the Ma.rkovian state and 
transitions between lhem. The probability matrix for state 
transitions of lhe Markov chain is given by lP' = [p1.J] E !R"xs 
and its inputs satisfy the following constraints: 

Prob[BHI = JIB~.: =i] = Pij· Prob[Bo =i]= 1r;, 

(6) 
2::;_1 PiJ = 1, O s; PiJ s; 1. 

A. Robust Regultor for DMJLS 

The Robust Regulator for Discrete-Time Markovian Jump 
Linear Systems rcporting in [ l I] and shown in (8). The 
inputs for this algorit.hm are the parameters of the dynamical 
model (4)-(6), the weighting matrices P c.i ,k >- O, Q d.k >- O, 
R,._,_k >- O, and the {Lc parameter. Algorithm outputs are lhe 
optimal response of closed-loop system xk+l' the control 
action ui,., the control vector K u ., and the closed loop 
matrix L i,k · When there exists full measurement of states 
and JLc --* +oo, therefore W i,k ---+ O, t.he system robustness 
is guaranteed, 

Robust Regulator for DMJLS 
fnitial Conditio ns: Set .r0 • 8o , !P'. P,(N) >- O, Vi E { L, ... , s }. 
Step I : (Bact..·wanl). Calculare for ali k = N - 1, . . .. O: 

~ 

l{tc.>.k+ l =L Pc,j,k+ LP>J 

[ 

L •. ~< l 1

[=o
1 

o o 
K,.k = O O O 
Pc .•. k O O - [ 

1{1 1 o o C,>,k+I 
o Rt o c.t.,k 

o o Q -1 
c,i,k 

o o o 
I o o 
o I o 

I 
o 
o 

o 
o 
o 

w •. k 
jT 

-Ê[k 

w,,k -- J.l.r I - ·\ .O,,k H , ,k H i,k 
[ 

- 1 • I T 

~] 
I o 
o I 

o o 
f - iJ, .k· 
o o 
o o 

Step 2: (Forwurd). Obtain for each k = O, ... N - l: 

B. Robust Kalman Filter for DMJLS 

-I 

o 
o 

- I 
P,.k 
o 
o 

(7) 

(8) 

Let us considcr a reduccd-order cstimator to reconstruct 
some unmeasured states in (4). Consider also the model in 
(9) as a partitioned model o f ( 4 ), where :r k E ~ ;;. is the state 
vector to be estimated, Yk E ~P is the measurement output 
vector, Ük E ~7111 is the control input, U'k E ~m2 is the 
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disturbance input with variance Qk E ~mzxr?> z and l 'k E~~ 
is the ourput noise vector wi th variance R~.. E ll~.fxt. 

Xk 11 = (Fth ,k + 6Fek.k ).'tk + (B ek .k + óBth.k)ük 

+(Gek .k + 6Gobk)wk. (9) 

Yk = Cok . ~.- I:~.- + D th. J.- VJ.-, k ~ O . 

the nominal matrices Fo, .. J., E R'' x», B11k _J.· E R»xm, , 
G- E IIl>fiXif>2 c- E Tlb j)X fi D- E IDlp X f have ok ,k ""' , fh.k li'>. , ok .k m.. 
appropriate dimensions. and the uncertain matrices I) F11k. k E 
JRfiXfi ól3 . E JRfi XTn , oã . E ~iiXTn" oC . E JRfiXii , ok ,k _ , th.k , rh .k , 
6Dok.k E JRfix t , are given by 

[ óFekJc óB,h ,k óGak .~. ] = 

Mek,~.- t,~, .. J.- [ E po, .. k E Bak,k E cok>k ] · 11 t,t ~.- 11 ::; L 
( I 0) 

where, Ep8 k·k'E c 8 k·1• and Ea8k·'· have appropri ate dimen­
sions. Afo"'k is non zero matrix, and D.~k.k is an arbitrary 
contraction. Assume that I:0, w,_. and v~., are mutually in­
dependent zero-mean Gaussian random variables with vari­
ances E{:f.o:rif} = llo >- O. E{ w0 u•if} = Qk >- O and 
!E{ vovÓ} = Rk >- O, respectively. 

The frarnework to describe the RKF-DMJLS in the pre­
dictcd and filtered fo1ms can be seen in ( I I ) and its auxiliary 
matrices in ( 12)-( 16). To ensure the optimal response, the 
parameter cv ~ 1 is se lected. 

Robust Kalman filter for DMJLS. 
Consider (9). with Ilo >- O. Q k >- O. and Rk >- O. 
lnitial Conditions: Pnl- l = Ilu and 1 0 1- l = O. 
Step k ~ 0: Update { .i:l.:+ lfk ; Pk+l(d and {iklk; Pkld -

• 
\lt i ,k+l lk =L Pi.jPi .k+ l lk· 

)= l 

o T '.Pk o I 

o o 6~.- '2tA-

o 1 9.lf o 

1 o 'Bf o 

o 

o - 1 o 

'13 1- 3k 

o o 

o o 

'+lk -- [''•:·-· Q~.; o j ['' o . 6k = o 
o R,. o 

o 

o 

o 

- I 

I f o 

wl, •.. ~.-

o 

o j o . 

W 2,i,k 

l: 
o o j [-I o j [-x,1

, _ , j 
Qlk = Ô;,l; o . '13, = P •. k - i . 31- = - Ê , ,kÜk . 

o b ,,k é,,k o Yk 

(l l ) 

( 12) 

( 13) 

[
(J.L -

1 
I - ). :-

1 
!) 0 l [J] 

W 2,i .k = o L,k ).:- li ,i = o . 
Lk 

( 14) 

Pi.k = [%~.1.· ] . Êi.k = [%~· "' ] . Yk- = [-~·] . 
F,, ,. n, ,,. 

(15) 

A [ G,,k ] A [t i "' ] A [Di.k] Gi.i.- = Ec;u· . C; ,J.- = o' . D ;,J.· = O . (16 ) 

C. Outplll Feedback Force Control Design 

I ) Nominal Model : The discrete time model of System 
( I ) is calculated using Fa,. = I + FaT8 TJ, Bu.1. = ryT8 Ba, 

· 9 F.-"Tkn 
Ga" = 1JT.,Gn. and Gbk = 1JT.,G, , Wtth 1J = :Zk,.=O rZ...+i')! , 
and 1~ = 2 ms. The steady-state force err or can be reduce 
hy including an integral action in the nominal model , hence, 

[ .r~:;:~ , ] = [ ~ay8 ~ l [ x~~;k ] + [ B;, ] uk + 
'----v-----" ~'--v--" ~ 

.tA:+l Fi. Jr.· .c~~; n ~. k 

[ ~' ] Fd,. + [ G0k G~k ] [ ;~ ] , 
~ "-------v---' 
Br~. .l.· c ..•. 

(17) 

where, Frik = J - 1Tdk' is a force desired signal, Ca = [O-
1 O] and F i,k> B i.k. G ;.J.: are the nominal parametric matrices 
of the model, according to (4). In Appendix are shown thc 
nu merical values of design parameters for the RKF and RR­
DMJLS. 

2) The Transitivn Prvbability Marrix and The Jump Pa­
rameter: The transition probability matrix, IP', and the jump 
parameter, B.., are defined as fol low, 

!P' = [ 0.6 OA ] 
0.4 0.6 ' 

if D~o·IA:- 1 > t P L 

Or flb Akik- 1 > t e A· 

olherwise, 

( 18) 

( 19) 

for each k = O, ... . N - 1. Variables D~Lklk- t and Db _.tk lk- 1 
are fi ltered measurements of the muscular activ ities from Per­
oneus Longus and Gastrocnemius. The variable D~Lklk- l is 
calculating using the nominal Kalman fi lter, 

:EPL k·+lik = A JXPLk(J.· - 1 + LJ (IDPL, I- CfXpLkik 1), 
D~r,J.- j l.-- 1 = Cj .r pL I.· (k - 1· 

(20) 
where Opr, ~, corresponds to the electromyographic mea­
surement of the Pcroneus Longus, which is amplified and 
d igitalized. Mau·ices A1, Lt and Ct are given by: 

[ 

0 .999 
6. w-r. 

AJ = o 
o 

--1 - 10- 4 

0.999 
:~ . lll - ó 

o 

c1 = [o o n 0.08 -t]. 

- 2 - 10- 5 

o 
O.!l!Hl 

1 . to - 5 
[

7.6-1] 
10. 1 
2.1 7 , 
0 .06 

(2 1) 

Constants f p L and I. c A are thresholds defined according to 
the e lectromyographic leveis of each user. The same method 
is used to cal cu late the variable DbA k iA·- l· 

1221 

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on February 04,2021 al11 :41 :07 UTC from IEEE Xplore. Restrictions apply. 



3) The Dynamic Controller: Equation (22) shows the 
control gains given by the RR-DMJLS, 

1\-ek = [Ku1k K2,e~. K3.ok K ;1lt ,e1.], 

J(lk = [ - 0.0101 - 8.36 2.18 80.98] ) (22) 

1\"2<· = [ - 0.0281 - 3.35 12.8 -!6.86) ' 

The control law is modified to consider the state estimares 
by the RKF-DMJLS, 

Uk = [K1 ,0k K 2.ok ]x k jk-1 + K3 ,ekx 3k + Kint .okXintk ' (23) 

where xkik- 1 = [xu·lk- J x2.klk-dr, are eslimates of 
spring force derivatives, P~, and springs force, F~ , respec­
tively. The state x31. is the angular position of the load, cf>1, 

and x ;,.1k is Lhe integral action defined in ( 17). 

V EXPERIMENTAL PROTOCOL 

In order w check the effectiveness of Markovian com­
pliance control, we performed an experimental protocoL 
We asked a healthy user to sit comfortably, Lhen the robot 
was adequately attached to the foot, and electromyograpltic 
sensors were situated on the leg. A serious game was used 
to motivare the user participation in the test how is shown 
in Fig L 

Fig. 2 shows control results obtained when a healthy user 
is Lesting the platform. The compliance control is configured 
with a virtual stiffness K v = 20 N · m j rad and t: = 0.03. 

The platform movement reference cf>f is defined as a square 
signal , with an amplitude of 0.2 rad and period of 24 s . The 
reference signal of Lhe serious game ct> f is a box that appears 
and disappears in the center o f the screen at each 6 8 . That is, 
it appears at Lhe middle time of the upper and lower values 
of the platform reference signal and disappears when the 
rcference changes its value. Also, on the screcn, there is a 
ball that represents the foot position. 

When the box disappears, e.g., the range of lime between O 
to 6 s, the user is asked for do not apply force to the platform. 
Withi n of this range of time the muscular activity is low, thus, 
the controller remains in the passive mode, ek = 2, and the 
platform is carrying the foot Notice that, the platform torque 
is Lracking the desired torque. When the box appears, e.g. 
the range of time betwcen 6 to 12 s, the user is asked to 
put the ball in Lhe center of the box. The visual feedback 
causes a human torque opposite to the platform torque, so 
the muscular activity is high, and the conu·ol remains in the 
resistive mode, ek = 1. Likewise, the platfotm torque is 
tracking the desired torque. The test had a duration of 42 s, 
and the stability of the system can be verified. 

V L RESULTS 

We calculare the actual stiffness of the system to quantifier 
thc accuracy of the compliance control. From (3), the desired 
torque is cxpressed as Ta = K ve</> , where e</> = ct>1- cPl + 
t: cj;f . The actual stiffness of the system. 1\.,., is obtained from 
root mean squarc valucs of the platform Lorque and position 
erro r, thus, K,. = RAJ S rP''" / R]IJ Se'~> . The erro r between 

~ óg 
"C 

~ 0.2 I 

Q) 

Õl o c 
< 
Q) 

~ -0.2 
< 

10 --- 7 plat --- Td 

E' 5 z 
~ 

Q) o 
:;:! 

~ 
{?. -5 

-10 ~====~====~====::::::=====::~ 
> c 3 ~ o._ 

..><:ro 
ro-52 
~ 

1 L-------~------~------~--------~ 

~ g ~ tr---~ .................... ____ ...,. ___ "1 

(L -2 ~ 
L-------~------~------~~------~ 

~ IH ,. I-~ • ~~ ,, ~ ·: tfllil;llf 
o 10 20 30 40 

Tim e (s) 

Fig. 2. Markovia n compliance control response based ou elect romyo­
graphic signa ls : From thc top of figure, we can see the angular ankle 
position, </>1 (red), the platform movement refercnce, <t>f (green), and the 
re ference signal of the serious game, <!>[ (blue); lhe desired torque, Td, in 
blue and platforrn torque, Tp!at = J Fs. in rcd; lhe Markov chain and 
electromyographic s ignals from Peroneus Longus (PL) and Gaslrocnemius 
(GAJ muscles, respectively. 

the vi rtual stiffness and the actual stiffness is calculated from 
eK,, = I(Ku - K ,.) / Kul· l OO%. Finally, the results of the 
accuracy of compliance control for thc test shown in Fig. 2 
are K ,. = 20. 31 N · mfr ad and e1<,. = L57%. 

VII . CONCLUSIONS 

ln this paper, we dealt wi th the design of a compüance 
control based on RKF and RR-DMJLS. It incorporares 
ankle joint impedance in the nominal model. Experimental 
results obtained from a heal thy user using the SRPAR and 
playing a setious game showed accuracy in the compliance 
control of 98.-!3%. The use of electromyographic signals of 
Peroneus Longus and Gastrocnemius allowed detecting the 
jump paran1eter that relates the neuromuscular system with 
the robotic platform control behavior. 

APPENDIX 

D ES !GN PA RAM ET ERS 

Equations (24) and (25) show matrices that represem 
each operation mode of the system ( 17), according with 
the human parameters defined in Table I. The uncertainty 
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matrices H,.k, EpLk, and En, .•. were computed based on 
[7]. The parameters tuned for the RKF and RR-DMJLS a re 
shown in Table li. 

[ 
() .799 - 12.2" o o l [ 11.96 l [ 212 281 l 0.002 0 .987 o o 0.012 0.22 0.29 

() () 1 () . () , 11 () , 
o - 0.002 o o o o 

~'"-----v---' 

FI , /\' ll l. k Gt,k 

[ 
-0.0594 l ' E, .. t.• = ( -0.6 --HJ6 12!.1 .Jil04 ] . 
- O.OOOG 

5 Enu. = [ - fí9.3 J' 0.0005 
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'---v-----"' 
Ec .. k = [ 59300 59300 ]. 

H, ,k 

0.663 -25.24 o o 743 
0.002 0 .973 o o 0.021 0. 79 I 0.1 1 [ o o I o 

l [ 19. 73] [ , o ' o 
98.6 ] 

o ' 
o - 0.002 o I o o o 

~ '-----v--"' 
F2. I< D2, k 

EF2.k = [ -1 4 17 182-1 GG/3 

Es 2 .k = [ - 142 ] , H~ .• = l-f t.k. 

Ec~.k. = f -.J7.J60 - -17460 1. 

TABLE U 

D ESIGN PARAMETERS 

Robust Regulator for DMJLS 

R c, i ,k = Rc,2.k = 1 Àc.i.k = 1 . 1017 

Qr I k = Q c 2 k = 1.1 J.lc = 3.99 · 1015 

C2,1· 

] . 

Pc.'l (N) = /1: 1010 Pc t!N) = Pc'l.(N) 

Robusl Kalman Filtcr for DMJLS 

,, = 1 . 1010 • t; = 2 f::,,k = F, ,i.;(l : 2, l : 2) 
Ê ; k = B, k(l : 2) G,,k = G;,,{l : 2, 1 : 2) 
ê;:k =[O ' 1]. Õ,_,. = 1 Rk = 0 .1, Qk = h 
Pt(N) = !2 . 1Q1 5 Pt (N) = P2(N) 
Et-,,k = EF,,k (l. I : 2) Ea,.k = EB,,,. 
l'v!; 1.: = H 2 k(l : 2) 
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