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Abstract

A load sharing problem involving the optimal allocation of measurement data amongst
n intelligent sensors interconnected through a bus type communication medium is considered
for three distinct architectural configurations. It is found that a minimal time solution can
be achieved if the computation by each sensor ends simultaneously. Simple recursions for
the determination of the optimal allocation of load are presented. It is shown that a small
number of intelligent sensors can be almost as effective as a larger number. These bus ori-
ented architectures produce faster solutions than a previously published linear daisy chain

architecture.
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1 Introduction

The problem of the fusion of data from distributed sensors has received an increasing amount
of attention [1, 7, 8, 9, 10, 12, 13] since the publication of a paper by Tenney and Sandell
in 1981 [11]. The basic idea is that measurements are made by spatially separated sensors,
of possibly different types. The data, or better yet statistically meaningful summaries of
the data, are then relayed to a site where the spatially disparate readings are fused so that
meaningful decisions can be made regarding these measurements.

One important issue for distributed fusion concerns the trade-off between commu-
nication and computation [4]. That is, how much computation should take place at the
sensor and how much and what information should be relayed to the fusion site. In this
paper we examine the tradeoff between communication and computation in the context of
a load sharing problem involving an “intelligent sensor” network. An intelligent sensor can
make measurements, perform computation and communicate with neighboring sensors. In
this problem it is assumed that a single sensor receives a burst of measurement data that
requires processing in time proportional to the length of the data. It is further assumed
that the data can be divided amongst multiple intelligent sensors to achieve a faster solution
thru parallel processing. We also wish to take the time that it takes to transmit the data,
or fractional parts of it, between intelligent sensors into account. The objective is to deduce
the fraction of the data that should be allocated to each intelligent sensor so that the data
can be processed in a minimal amount of time.

A network of such sensors arranged in a linear daisy chain was examined in [2] and a
tree type configuration was examined in [3]. In this paper a broadcast bus is used to connect
the sensors. This offers the possibility of a faster solution compared to the linear daisy chain
architecture. Three configurations utilizing a broadcast bus are considered. In the first,
the originating sensor acts as a control unit, distributing load but not processing it. In the
other two configurations the originating sensor can perform computation on a portion of the
load. These latter two configurations differ in whether or not a front-end sub-processor is
included in a sensor for communication off-lcading (so the sensor may perform computation

and communication simultaneously).



In what follows it is assumed that each intelligent sensor is under the control of
its own processor. Thus in the discussion that follows, the term “ processor ” will be used

interchangeably with “ Intelligent sensor ”

2 Architecture 1: Linear Network with Control Processor

Consider the case where the network model consists of one control processor and n communi-
cating processors. As shown in Fig. 1, the control processor receives the measurement data
and communicates it through a broadcast bus to the processors. The communication time
for processor i, 1 = 1,2,...,n, is proportional to the amount of measurement data that has
to be assigned to that processor. Two major factors determine the amount of measurement
data assigned to each processor. The first is the computational speed of processor i in the
network . Faster processors will receive more data than the slower ones. The second is
the order of the load distribution among the processors in the network. Processor i starts
computation immediately after receiving its share of the load from the control processor,
1=1,2,...,n. The timing diagram of the system is depicted in Fig. 2.

Let us first introduce the following notation.

o;: The fraction of measurement data that is assigned to processor i by the

control processor.

w; : A constant that is inversely proportional to the speed of the ith pro-

CEessor.

Z : A constant that is inversely proportional to the speed of the bus between

the control processor and communicating processor i in the network.

T : The time it takes for the ith processor to process the entire processing

load when w; = 1.



Tem : The time it takes for control processor to transmit all the measurement

data when Z =1 .

T;: The total time that elapses between the beginning of the process at
t = 0 and the time when processor 1 completed its computation. This
include, in addition to computation time , communicating time with
the control processor and waiting time. Waiting time is the time that
processor i has to wait before being able to communicate with the

control processor,1 =1,2,...,n .

Ty : The finish time of the process.
Ty = maz(Ty,Ts,---,Tn) (2.1)

The timing diagram, Fig. 2, shows that at t = 0, the communicating processors are all
idle and the control processor has completed receiving the measurement data and starts to
communicate with the first processor in the system.

The equations that govern the relations among various variables and parameters in

the system are

Tl sl O:IZTcm + alwchp (22)
Tz = (031 + (Iz)ZTcm + a;szcp (23)
TS = (al + as + ag)ZTcm + (I3‘LU3TCP (24)
T4 = ((11 + oy + + Q4)ZT¢m + CI4TU4TCP (25)
T, = (cy+as+-+ &) 2T + aqw,Tep (2.6)

The fraction of total measurement load should sum to one

C!1+Ctz+..—+an:]. (2.7)



The important point of interest is the optimal total processing time , Ty . In order to
examine the necessary condition to achieve the minimum time solution, let us consider a
simple system with two processor, n = 2.

In this system:

Qp + Qg = 1 (28)
Tl = ZTm + alwchp (29)
Tz = (al + O‘.z)ZTcm + azngcp (210)

The optimal processing time, T,,, is:
T,. = min(maz(Ty,T,)) (2.12)

As shown in Fig. 3 the min max function, T,, is optimized at the cross over point
of the two lines. That is, where Ty = T,.

The control processor must find the optimal values for a; and a,. An interesting
problem would be extending this proof to higher dimensions. It would however, be difficult
to identify the minimum point in three or higher dimensions. It can be seen intuitively
though, that in order to obtain the maximum parallelism and minimum time solution, all
processors must stop at the same time. This is because, otherwise, some processors would
be idle while others were busy. Another way of expressing this intuition is to say one must
keep all processors utilized up till the last moment; that is, all processors stop at the same

time. This achieves the maximum efficiency in the system.

average finish

NCHCICRGY )= et time
T
‘q =T T
e AT
_zimTi 2.13
"= T, (2.13)

Where n: is the total number of processors

T; =max(Ty, In, Tayove s T0)
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n—1 if |T;-T;|—0 (2.14)
tE 3 5l 1S Lol

To verify the fact that all the processors must stop at the same time so as to obtain
minimum processing (finish) time, two tables of data were obtained and their values were
compared. Table one is obtained by running an exhaustive search program on different values
of w and Z with T, = 0.5,T.,, =1 and n = 4. the program finds the best values of a's for
the parameters searched within and the minimum processing time. There are four processors
used to obtain table 1. The second table is obtained by solving recursively equations (2.2 )

to (2.5) based on previous idea that
T]_ = Tz == T3 - T4

The optimal values of o's for n processors can be computed by solving recursively

the following set of recursions:

ai +estapdostag=1 (#13)
T, ZT,
L on(WoTep + ZT.0) (2.16)
-wn—lTCP
" g an_l(wn—chp + ZTCT”I) (2 17)
n-2 wn—zTcp ‘

az(wsTyp + ZT.5)

= 2.18
Q2 szcp ( )
ZT,
g, = B ) (2.19)
wchp
a; is solved for by equating T; to T;,,, that is T; = T;.;. As a comparison of the two tables

reveals, the values of o's and the minimum processing time is almost the same for the same
values of w's, Z, Tern, and Tp.
The optimal minimum processing time ( finish time ) function,Tyy, is given by :

= 3 (2T (L) (W + Wato + W( R ))

i—1

Ty, (2.20)
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Where W, is a product of terms:
Wi = (we,wiy * -~ wi,_,)

and
ko ks

ky=1,2,3,....,n  k,=1,2,3,...,n

The optimal minimum processing time function is symmetric in wy,ws,...w,. This
can be seen from the expression of Ty;, where each term in the denominator contains (1‘21)
components of W; each of which consists of 1t — 1 combination of w. To clarify the point of
symmetricity an example where n = 3 is provided on the (Appendix). So the position of the
processors on the bus is not important, that is, any processor can be placed any where on the
bus or any two processor can be exchanged without affecting the minimum processing time,
Tp, - In Fig. 4 the optimal minimum total processing time is plotted against the number of
the processors in the linear network with T, = 0.5, T, = 1.0, w; = 1 where: =1,2,3,---n
and four performance curves were obtained for Z; =0.1, 0.2, 0.5 and 1 . As shown in Fig.
4, the minimum processing time, Ty, , levels off to ZT,,, as more processor are added. This
can be proved as following:

Th = ZTem + 0qwn Ty (2.21)

It is clear to see that as the number of processors increases, the load that will be assigned

to each processor will become smaller. In other words if
n—ooo — a,—0

therefore,

im Ty = ZTom (2.22)

n=>co
Fig. 4 implies that only few numbers of processors are needed to come close to the minimum
processing time . Fig. 4 also verifies some intuitive results such as : the minimum processing
time increases as the value of Z increases and decreases as the number of processors increases.

In Fig. 5 we show the effect of various speeds of processors with a fixed speed of the

bus. In this figure the optimal minimum processing time is plotted against the number of



processors in the network with T,,, = 0.5, T, = 1.0, Z = 1.0 and four performance curves
were obtained for w; = 0.05,0.1,0.2,0.5 and 1 wheret =1,2,3...,n. As Fig. 5 reveals, if a
large number of processors is used, the optimal processing time is independent of the speed
of the processors. That is , for any processing speed, the minimum processing time will level
off to ZT,,,. The second interesting point to observe is that using a small number of fast
processors to solve the computational problem is better than using a large number of slow

Processors.

3 Architecture 2: No Control Processor, Processors with Front-End Processors

In order to improve the optimal minimum finish time, we consider another linear network
topology where there is no control processor . Rather, the load may originate at any of
the n homogeneous processors. Moreover, each processor contains a front-end processor for
communications off-loading. That is, with the inclusion of the front-end processor, each
processor may compute and communicate at the same time . The load may be originated at
any one of these processors. The processor that originates the load is now performing both
computation and communication simultaneously. Thus, it immediately begins computation
on its share of the load while broadcasting the remaining load over the bus to the other
processors. Each processor begins to compute its share at the moment that it it finishes
receiving its data. As mentioned in the second section, two major factors determine the
amount of measurement data assigned to each processor. The first is the computational
speed of the processor. Faster processors will receive more data than slower ones. The
second is the order of the processor for load distribution. The timing diagram of the system
is plotted in Fig. 6. Betweent = 0 and t = a3 ZT,,, the first processor computes its share
of the load and communicates with the second processor. All other processors, processors
3,4,5...,n, are idle. In general, in the perio] betweent =0 and t = (e +az+ - ;) ZTem,
n — 1 processors would be idle and 1 — 1 processors perform computation; 1 = 2,3,4,...,n .
This fact serves to increase the minimum finish time.

In the following we will use the same definitions for a;, w;, T, and Ty as in section

2. However, Z, T, and T; are defined slightly different as following.



T.m : The time it takes for the processor that distributes the load to transmit

all the measurement data when Z = 1.

T;: The total time that elapses between the beginning of the process at
t = 0 and the time when processor i completed its computation,
1=1,2,...,n. This includes, in addition to computation time, commu-
nicating time and waiting time. Waiting time is the time that processor
i has to wait before being able to communicate with the processor that

distributes the load.

Z : A constant that is inversely proportional to the speed of the bus.

With these definitions, the equations that relate various variables and parameters

together are stated below:

T1 = alwqu, (31)
Tz = CIgZTm + C!z’.UzTcp (32)
TS — ((12 - Oﬁg)ZTcm + a3w3Tcp (3-3)
T4 = (az + ag + O!4]ZTm + Q41U4Tcp (34)
Tn - (0!2 +ag+---+ Qn)ZTcm <+ Ctn'wnT,:p (35)

The fraction of the total measurement should sum to one
artagt o ta,=1 (3.6)

The objective in analyzing the above equations is to compute the optimal minimum
processing time and compare it with the result that was obtained in the previous section.
The same intuition as in the previous section can be adopted to show that the

optimal minimum finish time would be achieved when all processors stop at the same time,



that is when:
T1:T2=T3:"‘:Tn

similarly, two tables of data, table 3 and table 4, were obtained and their values were
compared in order to verify the fact that all processors must stop at the same time. Table
3 is obtained by running an exhaustive search program on different values of w and Z with
Tem = 0.5, T, =1 and n = 4. The program finds the best values of o's for the parameters
searched within and the minimum processing time. Four processors were used to obtain Table
3. Table 4 is obtained by solving recursively equations (3.1 ) to (3.4) based on previous idea
that
Ti=T=T3=14

The optimal values of a's that the original processor should calculate in order to
achieve the minimum processing time can be computed by solving recursively the following

set of equations :

nlep + ZTcm
Xy = anw__l’_t_._m (3.7)
wn_ITq,
f S S S,
g 04’_"1Lt_ (3.8)
w;;Tcp
wsTp + ZTem
= —_— 3.9
Q3 Qs e (3.9)
szcp+ZTcm
= A 3.10
o T (3.10)

Here, a; is solved for by equating T; to T;,1, that is T; = T;;,. A comparison of the
tables shows that the values of a’'s and the optimal minimum processing time is almost the
same for the same values of w's, Tom, T., and Z.

The minimum processing time function, Tys,, is given by:

Ty, = un T, , . = 1
M, wy cpz:;]_(ZTcm)n_t(Tcp)l_l(Wl + n/z + "VS 3 ik Wr(-fl)) ( )
and the maximum throughput(y) is:
1
= — 3.12
V=7 (3.12)
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Where

W, = (wkl Wy, - 'wki—l)

and

ky#k,  ky=1,2,3,...,n k,=1,2,3,...,n

Unlike the minimum processing time function, Ty, , in the previous section the min-
imum processing time function, Ty, , iIs symmetric in wy, w3, Wy, . .., W, but not symmetric in
Wy, Wy, W3ay...,Wn. 1Lhis implies that the choice of the processor where the load is originated
is important. To achieve the best processing time in such a system, the fastest processor
would have to distribute the data. This is verified by table 3 and table 4.

In Fig. 7 the minimum total processing time function,Tyy,, is plotted against the
number of the processors in the network with T, = 0.5, T, = 1.0, w; = 1 where i =
1,2,3,...,n and six performance curves were obtained for Z; = 0.1, 0.2, 0.5, 1, 10 and 20.
As shown in the figure, the optimal minimum total processing time, Tpr,, decreases as the
number of processors increases. However, the curves for large Z levels off quickly after a small
number of processors. This is because it is almost fast for a small number of processors to
solve the problem as it is to take time to communicate the problem to a large number of

processors. In that case, it is better to use only smaller number of processors .

4 Architecture 3: No Control Processor, Processors without Front-End Pro-

cessors

The network topology that is discussed in this section is similar to that discussed in the pre-
vious one except for the fact that each of n homogeneous processors in the network contains
no front-end processor for communicating off-loading. That is, each processor may either
communicate or compute but not do both at the same time. The load may be originated
at any one of these processors. The processor that originates the load broadcasts to each
processor in the network its share of the load before its starts to compute its own share. Fach
processor begins to compute its share of the load at the moment that it finishes receiving its
data. As stated previousfy,. two major factors determine the amount of measurement data

assigned to each processor, the computational speed of the processor and the order of the

i |



processor for load distribution. Faster procéssors will receive more data than slower ones.
The timing diagram of the system is plotted in Fig. 8. Betweent = 0 and a,ZT.,,, none of

the processors performs computation, the first processor communicates data to the second

processor and processors 3,4,5,...,n are all idle. In general, in the period between t = 0
and t = (a; + ap + -+ + &;)ZT,., only i — 2 processors perform computation and n — i
processors are idle, i = 2,3,...,n. This fact serves to increase the minimum finish time.

In the following we will use the same definitions for a;, w;, Z ,Tem, Tcp, T; and Ty as
in previous section. With these definitions, the equations that relate the various variables

and parameters together are stated below:

T1 = (]_ —aI)ZTcm-}-alwchp (41)
Tz = Cl:zZTcm + (IszTcp (42)
Ty = (a2 + a3)lTem + aqwsTe, (4.3)
T4 = (C!g + Qg - (14)ZTcm + a4w4Tcp (44)
. = (L=}l & oigd (4.5)

The fractions of the total measurement load should sum to one
O‘.‘1+CI3‘+""+Qn=1 (46)

We can use the same intuition results as in the previous section in order to show that the
optimal minimum finish time would be achieved when all processors stop at the same time,
that is when:

T12T2=T3="':Tn

As before, in order to verify the fact that all processors must stop at the same time
in order to achieve the optimal minimum finish time, two tables of data were obtained and

their values were compared . To obtain table 5, an exhaustive search program on different

12



values of w and Z with T,,, = 0.5, T, = 1.0 and n = 4. The program finds the best values
of a's for the parameters searched within and the minimum processing time. There are four
processors for table 5. Table 6 was obtained by solving recursively the equations from (4.1)

to (4.4) based on previous idea that
T]_ - Tz - T3 - T4

The originating processor should calculate the optimal values of a's. These values

can be computed by solving recursively the following set of equations:

WnTep + ZTem

n— = n 4.7
@ 1 a wﬂ_ITcp ( )
T b
Qg = Oy L ?;; (48)
3+Lep
o wSTcp + ZTcm
Q; = Qg szcp (4-9)
B = (4.10)
un

Except for oy, here also, a; is solved for by equating T; to T;.1, that is, T; = T;41. oy is
solved for by equating T; to T,. A comparison of the tables reveals that the values of o's
and the minimum processing time is about the same for the same values of w's, T,,, T,, and

Z, except when slow communication makes it faster to use a single processor (see below).

The optimal minimum processing time function, Ty, for this network topology, is

given by:
T — Wy [15-3(Z2Tem + w;Tep)
" T (Zten ) (Tl (W + Wt o+ Winay) + (Te)™ (%0 + 2o + -+ + Zn)
(4.11)
and the maximum throughput(vy) is:
1
=5 (4.12)

Where

We = (Wi, Wy« - Wiy, )
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kp=2,3,4,...,n kg =2,3,4,...,n
And
Ly SR IR o TV o)
= 12,3 vunyii R 1203 ot
And

n>3

For n = 2, the minimum processing time function is given by:

Ty, = 22 Tem + w2T) (4.13)

w; + W,

The expression of the optimal minimum processing time function, for architecture 3, Tyy,, im-
plies that Ty, is not symmetric in wy, w,,...,w,; however, it is symmetric in w,, ws, ..., W,.
The symmetricity of Ta, is obvious if one observes that each term of the summation in the
denominator contains (:‘__;) components of W, each of which consists of 1 — 2 elements of
w. The second term of the denominator, that is not included in the summation, contains
n components of Z each of which consists of n — 1 elements of w. This implies that the
choice of the processor where the load is originated is important as it was the case in the
previous section. Again, in order to achieve the best processing time in this system, the
fastest processor would have to distribute the data. This fact is also verified by the table
5 and table 6. However, processor 2,3,4,...,n can receive data in any order without af-
fecting the minimum processing time. In Fig. 9 the optimal minimum processing time is
plotted against the number of the processors in the network with T, = 0.5, T, = 1.0,
w; =1;1=12,3,...,n, and seven performance curves were obtained for Z = 0.1, 0.2,
0.5, 1.0, 1.8, 2.0 and 2.1. From Fig. 9, there are two important observations. The first is
the optimal minimum processing time function levels off to a certain value after few number
of processors. The number of processors at which Ty, levels off increases as the speed of
communication decreases. The second is that there is a thresh- hold value that limits the
speed of communication. After this value, using more than one processor to compute the
load would take more time than if only one processor was used. This is because of the time

that is wasted in slow communication.
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In the following we will calculate the value at which Ty, levels off and the thresh-
hold value of Z. Based on previous result that the optimal minimum processing time is

achieved when all processors stop at the same time, the following equation holds:

I

TI. (1 - CI]_)ZTcm + alwchp - TMJ

= ZTcm -+ al(wchp T ZTGm) (414)

n — oo = a; — 0

and so Tpy, — ZTom

The following inequality must hold; otherwise, the optimal minimum processing

time will increase as we use more processors to process the load.

T - ZT,, > 0
wqu,
Z < :
< b (4.15)
This implies that the thresh-hold value of Z is:
wy T,
Zen = Tﬁﬂ:’ (4.16)

Both previous results are verified in Fig. 9.

5 Conclusion

In this paper three bus oriented architecture are examined in the context of a load shar-
ing problem. For the three architectures it was shown that the optimal processing time is
achieved when all processors stop at the same time. The best processing time is obtained
for the architecture where the processors have front end processors for communication off
loading and the fastest processor distributes the load. If the control processor distributes
the load, the location of the processors on the bus is not important. The interaction between
communication and computation has also been examined. If the speed of the bus slow, the

use of more than a few processors will not substantially improve the performance of the
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system. This is because it is as fast for a small number of processors to solve the problem as
it is to take the time to communicate the problem to a larger number of processors. It was
also observed that using a smaller number of fast processor to solve a computationl problem

can be better than using a large number of slow processors.
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Appendix

We will clarify the symmetricity in equation (2.20) by using an example for a system

with three processors , n = 3. For such system the optimal minimum time function is given

by:

e e (ZTem + W Tep)(ZTem + W Tep )(Z2Tem + w3Tep) (A1)
Y (ZTem)(Tep)°(Wh) + (ZT e Tep) (W1 + Wa + W3) + (ZT e )°(Tep ) 2(W1 + W + W3) )

Tus (ZTem + i T (2T + waT o )(ZT o, + waTly) (4.2)

1= (ZTem)? + (ZTemTep ) (wn + wa + w3) + (Tp) 2 (wr1w2 + wyws + wows)

The symmetricity is obvious in the product terms of the numerator of equation
(A.1). The denominator has three sum of product terms. The first, the second and the third
terms are obtained for i = 1,2 and 3 respectively. As mentioned in the text each W in the
denominator consists of 1 — 1 product terms of w. In this example i = 1,2,3. Therefore, in
the first term of the denominator W consists of (1 — 1 = 0) of w. In the second term each
W consists of one w, while in the third term each W consists of a product of two different
w. Applying the previous steps on equation ( A.1 ), We obtain equation ( A.2 ). One can
readily see the symmetricity in equ. ( A.2 ), since ( wy + w, +w3) and (wyw; + wiws +wows)

are symmetric in w;,w, and wj.
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Table 1: Result of Search Program for Architecture 1

| Z [ wy | W,y ‘ wa ‘ wy | oy J Qs ‘ Qs [ oy I g H
0.1{1.01.0| 1.0 (1.0 { 0.2700 | 0.2600 | 0.2400 | 0.2300 | 0.2865
0.5 1.0 1.0 1.0 | 1.0 | 0.3400 | 0.2700 | 0.2200 | 0.1700 | 0.4275
1.0 | 1.0 1.0 1.0 | 1.0 | 0.4100 | 0.2800 | 0.1800 | 0.1300 | 0.6300
20(1.0| 1.0 1.0 | 1.0 | 0.5400 | 0.2600 | 0.1400 | 0.0600 | 1.080
1.0 0.5({0.2]0.8]1.00.5200 | 0.4000 | 0.0600 | 0.0200 | 0.5400
1.0 {1.00.2|0.80.5|0.3400 | 0.5200 | 0.0800 | 0.0600 | 0.5340
1.0 1.0 0.80.2|0.5|0.3500 | 0.2700 | 0.3200 | 0.0600 | 0.5340

Table 2: Result Obtained by Solving a Set of Recursive Equations for Archi-
tecture 1

[ Z [w[wy |ws[ws | oo | @ | o5 | @ | Tin |
0.1 1.0 [ 1.0 1.0 | 1.0 [ 0.2686 | 0.2558 | 0.2436 | 0.2320 | 0.2820
0.5 1.0 | 1.0 | 1.0 | 1.0 | 0.3388 | 0.2710 | 0.2168 | 0.1734 | 0.4234
1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 0.4154 | 0.2769 | 0.1846 | 0.1231 | 0.6231
2.0 | 1.0 | 1.0 | 1.0 | 1.0 | 0.5333 | 0.2667 | 0.1333 | 0.0667 | 1.067
1.0 [ 0.5]0.2 | 0.8 | 1.0 | 0.5311 | 0.3794 | 0.0584 | 0.0311 | 0.5311
1.0 [1.0 | 0.2 | 0.8 | 0.5 | 0.3541 | 0.5058 | 0.0778 | 0.0623 | 0.5311
1.0 1.0 | 0.8 | 0.2 | 0.5 | 0.3541 | 0.2724 | 0.3113 | 0.0623 | 0.5311




Table 3: Result of Search Program for Architecture 2

L2 [wi[wo ws wa| oo [ 02 [ a5 | o [ Toin |
0.1 1.0 [ 1.0 [ 1.0 | 1.0 | 0.2600 | 0.2600 | 0.2400 | 0.24000 | 0.2770
0.5 1.0 [ 1.0 | 1.0 | 1.0 | 0.3400 | 0.2600 | 0.2200 | 0.1800 | 0.3450
1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 0.4200 | 0.2800 | 0.1800 | 0.1200 | 0.4200
2.0 [ 1.0 [ 1.0 | 1.0 | 1.0 | 0.5400 | 0.2600 | 0.1400 | 0.0600 | 0.5400
1.0 [ 05| 0.2 | 0.8 ] 1.0 | 0.5300 | 0.3800 | 0.0600 | 0.0300 | 0.2680
1.0 | 1.0 | 0.2 0.8 | 0.5 | 0.3600 | 0.5000 | 0.0800 | 0.0600 | 0.3600
1.0 | 1.0 | 0.8 0.2 | 0.5 | 0.3600 | 0.2600 | 0.3200 | 0.0600 | 0.3600

Table 4: Result Obtained by Solving a Set of Recursive Equations for Archi-
tecture 2

[Z[wwws|wi| an | o | a [ as | Toin |
0.1/1.0]1.0]1.0 | 1.0 | 0.2686 | 0.2558 | 0.2436 | 0.2320 | 0.2686
05|10|10|1.0|1.0|0.3388 | 0.2710 | 0.2168 | 0.1734 | 0.3388
1.0{1.0| 1.0 | 1.0 | 1.0 |0.4154 | 0.2769 | 0.1846 | 0.1231 | 0.4154
2010|110 1.0 1.0 |0.5333 | 0.2667 | 0.1333 | 0.0667 | 0.5333
1.0 0.5]0.2|0.8]1.0|0.5311 | 0.3794 | 0.0584 | 0.0311 | 0.2656
1.0|1.0|0.2|0.8|0.5|0.3541 | 0.5058 | 0.0778 | 0.0623 | 0.3541
1.0 | 1.0 | 0.8 | 0.2 | 0.5 | 0.3541 | 0.2724 | 0.3113 | 0.0623 | 0.3541




Table 5: Result of Search Program for Architecture 3

L2 www wi] oo [ oo [ a5 [ as [ T |
0.11.0]1.0 1.0 1.0 0.2400 | 0.2600 | 0.2600 | 0.2400 | 0.2860
0.5(1.0]1.0| 1.0 1.0 0.2200 | 0.3200 | 0.2600 | 0.2000 | 0.4150
1.0 /10|10 1.0 | 1.0 | 0.1800 | 0.3800 | 0.2600 | 0.1800 | 0.5900
20{10(1.0 1.0 1.0 | 1.0000 | 0.0000 | 0.0000 | 0.0000 | 1.000
1.00.5]0.208}|1.0|1.0000 | 0.0000 | 0.0000 | 0.0000 | 0.5000
1.0]1.0]0.2|08|0.5|0.0400 | 0.7400 | 0.1200 | 0.1000 | 0.5300
1.0/1.0]0.8|0.2]0.5|0.0400 | 0.4000 | 0.4600 | 0.1000 | 0.5300

Table 6: Result Obtained by Solving a Set of Recursive Equations for Archi-
tecture 3

LZ [w[wy [wg|wi | o | oo [ a3 [ a4 [ Toin |
0.1 1.0 | 1.0 [ 1.0] 1.0 | 0.2408 | 0.2655 | 0.2529 | 0.2408 | 0.2788
0.5 1.0 | 1.0 | 1.0 | 1.0 | 0.2078 | 0.3247 | 0.2595 | 0.2078 | 0.4058
1.0 | 1.0 1.0 | 1.0 | 1.0 | 0.1739 | 0.3913 | 0.2609 | 0.1739 | 0.5870
2.0 | 1.0 | 1.0 | 1.0 | 1.0 | 0.1250 | 0.5000 | 0.2500 | 0.1250 | 1.000
10050208 1.0] 0.1172 | 0.7143 | 0.1099 | 0.0586 | 0.5000
1.0 1.0 | 0.2 | 0.8 | 0.5 | 0.04598 | 0.7471 | 0.1149 | 0.0920 | 0.5230
1.0 | 1.0 | 0.8 | 0.2 | 0.5 | 0.04598 | 0.4023 | 0.4508 | 0.0920 | 0.5230
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