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ABSTRACT

A multiple microprocessor network that simu-
lates a large-acale energy production aystem haa
been developed, Each microprocessor in the nec-
work with its associated memory phases represents
4 Btags of an energy resource production cycle,
such as extraction, processing, or transportation.
These memory phases consist of random accesa
oemorien that atore the inputs, outputs, and
defining parameters for their associated encryy
production stages and provide the means of commu-
nication between 8toges. There 18 a microprocessor
with an attached memory that containsg itg program
Instructions between cvery memory phase for each
energy resource that ig belng processud. Thege
Processars operate independently and execute the
necessary simulatien operations. This network ig
& special purpose multiple-processor computer
which implements a model used to analyze the
relationship between che energy production
system's cfficiency and societal impact,

I. lntroduction

The realization of the ascarcity of varfous
ENergy resources and the need to develop new
Bources of energy has stimulated interest in for-
Bulating a comprehensive energy policy by govern-
ment ond induacry. This policy would take into
consideration the avallebility of exigting energy
resourcea snd new cnergy technologien as well as
the impact thie palicy would have on society.
The purpose of thias Paper is to praesent a multipla
microprocessor network that slmulates a large-
scale energy production eyatem that can be ysed
to evaluate various energy policy alternatives.
This computer 8ysten can be used to model indus-
trial, regional, national, or international energy
production systems so that a plan can be cvaluated
at any one of these levels,

When formulating an ener
important to consider the
ment of an energy reso
other sources of energy In the system, For
example, in order to use solid wastes as a fuel
source, petroleum is nieeded to transport che
wastes to a site where they can be processed. This
incrensed energy use within che energy production
system decreases the availability of this energy
cutside the system. Changea in the amount and
method of production of a glven cnergy resource
vill induce changes in production and societal
impacta of the other energy resources that are
being procesaed. 1In order to evaluate thege-
changes, an analysies of the energy production
system must include the procesaing of all posstible
their Interaction. This may
e sources of energy as fosail
e petroleum, coal, natural gas
water pover, puclear power, ssolar

BY policy 1t 1g
dependency the develop-
urce has on the supply of

fuels {uwhich includ
and ofl shale},
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energy, wind power, tidal cnergy, geothermal
power, magnetohydrodynamic generation, solid
wastes, and hydrogen. This dependency within
the energy production gystem i8 an importanc
factor in determining the syetem's overall
cfficiency,

In addition to evaluating the EHeTEY pro=
ductlon system's efficlency, the impact that any
energy policy has on society should be meagured,
An obvious impact that energy productlon and
consumption has had on soclety {g cnvironmental
pallution, Howcver, energy pollcy will also
determine such things as cnergy deperdency on
other countrles, caployment opportunities in
lmpacted nreas, and energy prices in affecred
regions,

Mathematfenl modelling and computer te
ques can provide useful metheds for formulating
an energy poliey. Mathematieal models thar
describe the encrgy productlion aystem including
the {ntervaction of the generation of the varlous
types of enerpy are helpful For evaluating
alternative energy policies and thelr socictal
impact. Cosputers can be used in conjunction with
these models to perform neccssary calculations
and to simulate the developed model.

chai-

The developmeont of large-scale integrated
circuits has greatly reduced the cost and slze
of computer hardware components making fir
economically possible and technically feasible
to conatruct apeclalized computers consisting
of many processor and memiory elements. Thege
factors have created the need for formal
techniques that can be used to design such
computer systems [ 1,2}, 1In answer to thig
need, a multiple microprocessor network has
been developed to provide a general stricture
that can be used to conatruct multiple micro-
processor ayatemsa. This structure and itg
deflning equations are presented in part II
this paper. In part 111 a large-scale energy
production system model [3) that includes the
dependency that energy resoutrce development has
on various sources of energy and the impact
this development has on soclety is described,,
The model hes a sat pf interconnected energy
chains, each conafsting of a cascade of stages
which describe the Processing of a reasource to
obtain energy of a given type. The interconnec-
tions implement the processing laws at a given
stage which require energy inputs from other
atages as well as the redources being proceased.
The multiple microprocessor network and itp
defining equationa are then used to consCruct
the large-scale encrgy productfon system in
part IV. The model {ncludes the entire set of
energy chalng and thetlr fnteraction, After
centering the valucs of the system paramcters
and the amount of ecach encrgy resource to be




processed, the network will calculate the amount
of each type of energy and pollutants, ete.,
generated so that the relatfonships between the
energy production aystem’s efficiency and envi-
ronmental impact con be determined,

1T, The Multiple MHicroprocessor Network

A multiple microptrocessor network (MMN) has
beety developed to provide a general structurce that
can be used to construct eystems composed of many
milcroprocessor and memory elements. The motivation
for this structute came from work that was done
with charge-routing networks that were fortulated
to provide synthesis procedures for signal proc-
fs ing aystems mnde from charge-coupled devices

41, The MMN conaiats of semiconductor memorics

and microprocessor units connected in A apecified
arrangement to perform a computaticnal function.
The netTOjk is a tightly coupled multiple-processor
aystem l1] with groups fo microprocessors sharing
memory and addrese and data busses,  Intermediace
and final results of the operations performed
progress through the many phoses of memories in the
network a8 in a pipeline computer organization [s].

The MMN contains the following types of
memory elements:

(1) Input randem access memotries (INRAM) that

contain the inputs teo the asystem.
(2) Output random access memories (QUTRAM)
that contain the outputs of the system.

{3) Intermediate tandom access memories
(INTRAM) that contain the intermediate
results of the operations performed by
the cystem.
Parameter random access memories (PARAM)
that contain system parameter values,
Read only memories {(ROM) that contain the
instructlons that direct the microproc-
cssord.,
When constructed with presently avallable semi-
conductor memories, the contents of all the random
access memories (RAM) is lost when their supply of
power ls removed. On the other hand, the ROM doos
not leose its contencs when power is removed.

(CH
(3

Fig. 1 shows the general structure we wish to
discuss. In it one ROM and PARAM Is connected to
tach microptocessor in the network. The ROM con-
taing the progrom to be implepented by its
asgociated microprocessor and the PARAM contnins
parameter values that can be used by the micro-
ptocessor while exccuting the program end define
the systen being Implemented by the network.
Having these parameter values In a RAM allows
them to be changed and for some systems 1t moy be
desiteable to modify these values based on results
ocbtained in the network, The remaining RAM's of
the system, INRAM's, OUTRAM's, and INTRAM'm, are
divided into the phases of Fig. 1 where any phase
p, ranging from 0 te P, can contain all of these
three types of RAM. A more general structure
could allow information Lo be exchanged between
any two phases of memory but only thig structure
that allows information to progress from one phase
to {its following phase will be considered here,

The memory phases are coptiected with micro-
processors that perform the required processing on
the data in the RAM's. The netwotk can be con-
structed with one particular microprocessor or a
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variety of microprocessora. The microprocessors
rust he’capablé of 1) addresaing all che words
of their assoclated memories and 2) operacing
on data words equal in width to the memory word
width. However, it would be deaireable to use
the same microprocessor throughout the network
in order to have hardware modularity. The oper-
ations that can be performed at the branches of
the MMN wiil depend upon the microprocessor
sclvcted for cthe system. Additional arithmetic
capability can be added by attaching arithmetic
units to the microproceasors Iﬁ . All of the
microprocessors in the network can be active at
one time or selected microprocessors may operate
independently. The processor unitd obtain the
data needed to perform the required computations
from the INTRAM's and INRAM's of Lts input memory
phase and store the results in the INTRAM's and
OUTRAM's of the following memory phasd. Only one
microprocessor will supply data to either an
OUTRAHM or INTRAM but any microprocesmor can use
the data in an INRAM or INTRAM. However, the
pyatem has to be designed so that a location in
an INTRAM is not altered by a microprocessor
that provides it with data before a microprocessor
that neede that data vses it.

The integer valued variable T represents
the tranaition times with the difference between
two puccesnive T'a rcpresenting the intervel in
true time doring which the microproceasora carry
out thelr calculatione. We will assume that at
the time represented by T + | the nicroprocessors
have completed the execution of their programe
a8 iniviated at the time represented by T. The
transition from one value of T to the next
represcnts one processing cycle. Consequently,
from this point on we refer to T aa time.

Each memory phose of the HMN will have the
following RAM memorica:

n  INTRAM's
n  THRAM'a
r OUTRAM'e

for any given phase,
in the memory

where 07n=N, O<m<M, and O<r<R
The following data is present
locations at time T:

the kth INTRAM of

xi(T) = the data contained in

k phase { at time T,

up (1) = the data contained in the kth INRAM of
i phase 1 ot time T.
yk(T) e« the data contained in the kth OUTRAM of

phase 1 at time T. Lo

i

11 of the INTRAM's,

For each phase the dat /
i of the OUTRAM'n can

all of the TNRAM'e, and

;nch be combined to [orm the follpwing three i1
column vectors: i |
§1(T) = xi(T) an n-vector of data
i
xz(T)
“q 1
x (T} L
N e
i FiEC
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—. =
Ei(T) - ui(T) an m=vector of data

u;(T)
‘1
“m(

%)

Y(T) = -;:(f; an r-vector of data

1
¥, (T}

B

More than one datn value ma
the memories of a phase so
vectora described above ma
For example, li(T) may be an r-vector of vectors.
In order to represent the procesalng that takes
place between neeory phases the following matrices
are defined:

él

¥ be present {n any of
any of the column

A matrix that transforms the data In the
INTRAM's of phase ! to obtaln the values
atored in the INTRAM's of phase § + 1; of
variable size, nxn if data is scalar.

8 matrix that transforms the datn in the
INRAM's of phase 1 to obtain the values
atored in the INTRAM's of phase 1 + 1; of
variable size, nxm if data is scalar,

a matrix that traneforms the data {in the
INTRAM's of phase 1 to obtain the vilueg
stored in the OUTRAM's of phase { + Ly of
variable size, txn {f data is scalar.

a matrix that transforms the data In the
INRAM's of phase ! to obrain the values
stored in the OUTRAM's of phasc { + I; of
variable eize, rxm If data ig scalar.

[s]

li=]

Using the MMN to implement a linear time-
system, the followin
processing operation
phases, { and { + 1,

invariant

B equations represent the data

8 that eccur between any two
in the network where | = o,

ceney Pl
ey o4l g - pt gton ()
ey e et g« pt uten (2)

For later purpuses we will assume X°(T)=p0, Yo(m)=g
EikT)fQ, and HIKT}-Q. The values for the matrices

51. gi. Qi. and Ql are stored {n the PARAM's and
can be changed by their assoclated microprocessors
to implement a time-varying oystem If so desired.

II1. The Enerpy Production System Model

The basis for the cner
tmodel uged for th
Maxim and Brazie

g8Y production system
1; work Ia che one developed by

1 for analyzing the relarion-
ship between an energy syutem's efficiency and
environmental pelutants. However, our model will
include other societal Impacts in addition to
enviroumental polution. In this model the ecntire
¢nergy production system consisty of energy chains
each chain representing the processing of an
encrgy resource used to generate energy of a given
type. The structure of the model f{s shown In Fig.
2. A chaln repreaents the Processing of a partle-

ular resource such as natural gas,
waites {rom extraction to the point
Each energy chain consists of a casc
that are necessary for processing the regource,
for example extraction, transportation, and
storage. At each stage of the Processing chain

the outputs inciude energy lossea and aociecal
impacts. Inputs to each stoge Include the resource
to be processced and energy lnputs from its own

and other chains as required.

coal, or solid
of consumpefon.
ade of atages

The jth energy chain consists of a cascade
of JJ stages, where in this paper we assume all
JJ are equal with Jj-JFl. A typical stage { of

the jth chain depicting the stage's inputs angd
cutpute 1s shown in Fig. 3, By assumption there
are a toral of G energy chaina In the entire
energy production system. We let

¥ be a vector of vectors.

E

3
CJ 3 +1 -

= the amount of energy resource input ro
the Lth stage of the jcth chain;

= the amount of cnergy that is the
Elnnl qutput of the jth chain,
The following coefficients are used in this model:
1
]

a = the fraction of the input to the Ith
stage of the jth chain (ci) which is

converted to usable output of this stage

(cj+l) for fnput to the next stage.
si = amount of energy of the kth chain required
1k as input to the ith stage of the jth chain
per unlt input to the ith stage of the
Jth chain (c})
Blk = socletal {mpact of the kth type per unit
g input to the ith atage of the jth chain
i
(cj).
A measure of the efficicnty of the 1th atage of
the Jth chaln is glven by the following expres-
sion:
t b, 1 1% t, . & 4
asc Me+e B ) e alfcrer
A5k Pk 3 ( k-lajk) (3)
1V, Implementation of the Energy Production
System Mod=l with the Multiple Microprocessor
Network
The multiple microprocessotr network developed in

secelon (I can now be uge
production system model
Each stage of an cnergy
Implemented with one pic
assoclated memories. The sgme nurhered stages of
the energy chalng use the same mepory phases in
the MMN with the phases ranging from 0 to PoJ+],
The amount of reaource to be processed by an
energy chain stage ig obtained from an INRAM {n
the phase 0 memories for astage 0 and for the
remalning stages from an INTRAM {n the phase i
memorics for stage 1. A stage i stores the amount
of resource to he procesged by the next stage

i+] in an INTRAM {n the phase [+] memories except
‘for the last stage J which stores the amount of
energy produced by the energy chaln in the phase
J+1 memorfes. The conversion losses, tocal energy
required from all chains, and secietal impactsa
are stored as gutputs for each stage { in three

d to {mplement the cnRergy
presented in section 117
productlon chaln g
roproceaeor and ica
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OUTRAM'a located in the phasc 1+] memorics.

The hardware configuracion for all but the
first or last atages in the energy chains s
shown in figure 4. This physical arcrangement hag
the following three busses 80 that the micro-
processor can comaunicate with {tas attached memo-
riea: 1) bus 1 for the PARAM and phase 1 memortes,
2) bus 2 for the phase 1+1 memories, and 3) bug 3
for the ROM. The ROM of ench microprocessor has
its own bus so that a Program instruction can be
fetched and decoded without using the buscs
connected to he memory plases. The INTRAM of phase
1 and the microprocessor's PARAM are contained in
the same physical memory 8o that parameter values
can be entered uging bus I, All three of the
OUTRAM's of phase 441 nre nlga contained in the
same physical memory and the results that are

using bus 2. These two sets of RAM's are combined
in the game physical nemory to minimize the amount
of hardware needed, as sumiconductor nenory
packages come in sizeg that are large cnough for
the combined memories.

Using these stage building blocks, the entire
energy production system can be constructed as
shown in Fig. 5, 1In this structure phase 0 contating
only INRAM's und PARAM's for stage 0 of the cnergy
chains and phase J+ tentains only OUTRAM'g.
Connecting identically numbered phases of cach
energy chain to the sama bug facilitares enturing
and extracting dota as information tranefer with
all the memories of a phase takes place wich a
single bus, The oystem 1s modular as an additional
energy chain can be added by Inserting a miecro-
processor betwecn every stage for that chain with
the necessary memorieg in each memory phase,

£quations (1) and (2) are used to describe
the processing performed by che multiple micro-
Processor energy producticsn System model, Since
there are only INRAM's In the first phase,

EO(T)-Q. 1”(1)-9. and uz(T)-c:(T). and since there
are only QUTRAM's in the last phage, §J+1(T)'g

and QF+I(T)-Q. In all the remaining phases no

INRAM'e are present so gi(r)-g and x;(T)-ci(T) for

all these phases, The matrices Qi,gfgl. and Dl fnre
descrlbed fn Appendlx 1, -

After entering the values of the system para-
meters In all the PARAM's and the amount of raw
Cnerpy resource to be processed in the phage 9
INRAM's, the network performs the necessary calcu-
lations one gtage 4t a time and the results become
avallable for these inietal valueg 1p consecut fya
memory phases as the processing procecds down the
network.  The computer gystem requires procceslng
cyclus of length T to complete one simulation, Ag
unly ane stage of mlceroprocessors ig active for
one get of initial vilues at any time, new initinl
valuvs can be continuously untered in the I1NRAM'g
of phase 0 so thar the Bystem will use al) of [ta
Microprocessors all of (he time. Results can then
be centinuously extracred from all the wmemory
phases.  In the network a phaae {+) INTRAM 15 an
output location for stage | but an {nput Incation
for Stage I+]., When atl mlrroprucesunra are active
durlng the processing eycle, differyone mempry
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lacations in an INTRAM will be used for storing
and extracting information so that the posai-
bility of a microprocessor altering a location
in the INTRAM before it is used as fnput by
another microprocesmor is avolded,

All the microprocessore in the network
execute the same ptogram that is inftiated
by an externs)] tlock, The program firat
establishen the INTRAM addresses to be useqd
For extracting and entering data and then
performs the hecedsary caleulations and data
handling taakg.

V. Concluafons
—r-.ACiuaions

Thin paper has Preaented 1) 4 multiple
microprocessor network that can be urud to

4 computer aystes that slmulates the energy
Bystem model. The Implementation of the energy
production model with the multiple micro-
processor computer network offers the following
advantapes:

{)  hardeare modularity for easy system
expansion;

2) the potential for increased processing
throughput with multiple processing units:

3) reduced software requiremencs with identical
programs repeated throughout the network.

This energy production system model copn-
sisting of multistage energy chains is equiv-
alent to the "input—ou:put model™ [3,7.M
used in the modeling of economie gystems as
shown in Appendix IT, Consequently, the redults
[9.10,11} that have been ohtained for "input-
output models" can be applied to our multiple
microprocessor network model,
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Appenddix 1

The valucas for the elements of the

matrices A1 L el

10.

IF'

AL,B,C, and 21 in equacioas (1)
and (2} required to inplement the eneryy
production systuem with the multiple
microprocesser network are the following,

all for 1<k<G: For 1.j<@
o for 1=0
i .
1 uJ If j=&
B - for l<i=J=1
hL3 0 if 34k
0 for 1=J
al 1E Jek
. bl for 1=0
by 0 L ik
0 for l<i=<J
For 1<3<2G+1
0 for i=9
l-ay  tf ge1
Bé,j—l 1f 2<j<G+1 FloIE
ci - 15i<)
3k 1

8, 4-(ct1) 1f C*+2ci<2641

ay when J = 2642 (for ie=l)

Here the last gi.i-J, has an extra row
gince there is an extra OUTKAM in theo last
Phase of memories to satore the final
amoudt of energy generaced.

l-ug 1f j=1
ﬁ0 for
‘ k.j-l if 21ji0+1 1a()
i T . 1<5
+22j<2G+1] S26G+1
5k.j-(G+l) if G+2zj=
0 for 121<J

lejc2c+2

Appendix T1I

The following results show that
the energy production system model
consisting of multiatage energy chains
Is equivalent to the "i{nput-output
model"” used in the modeling of ecnnomlc
systcma.

= the total de=aand for cnergy From
the kth chatn required te suppott
energy production in the jth

Py

chaln
J3
- ﬁl .':1 (4)
t=1 Jk J
:J-qu ....uijlni(c;)
) (:J “m):i for any {1, liiiJj
we L 1 3
Theref L 1l 5
erefore €y ) Tay O (5)

Substituting equation {(5) into (4}:

“ky "Myy

J} 4]
I B;k/(n a¥)
i=1 w=i
ehain in oha system muunt
provide the demand for its energy both
interna]l as well as external to the
energy production system,

(6)

where n =

kj

Bach cnergy

G
I = total internal demand for ¢
J=1 kjJ in the energy production syatem
lk = total external demand far ¢
outaide the energy producticn
system
G
So € E-lmkj + Ak
¢ N

+ Ak

kT Fermg©y




The following matrices

can now be defined:
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Using equation (7), the quantities defined

above, and I for the ldentity, we have:

Flpare 1.

E ¢ Aw E=HE+A
E A 800300 1]
-1 \ .m (1 -m E=p (8)
‘2 2 . 8
: : H Equation (8) is the "input-output model™
: i S whare H is the matrix of technlical co-
‘g G seee Npg efficients, (1-H) 18 the Leontief matrix
whose elements are the interdependence
coefficlents, and A ise the vector of
final demand. n
4]
¥ ol |
CIE—— 4 —— o - ]
INRAM INRAM INTRAM INTRAM OUTRAM OUTRAM v
PHASE 0 ol M 1 chee 00aor
\ i N 1 R )
M PARAM —1
B " ] "
FOM ROM
[ T
ot 2|y
o e T = e —_———— - ——
PHASE 1 INRAM INRAM INTRAM TNTRAM OUTRAM OUTRAM \
( 1 . .. H 1 - . N 1 LI ] R )
\_. — ct— —— T I . ___/
i i — i
M
1
EARAT}—>] [EARAT
up S0a008a60E up
L (RO}
— _l .- ]
P-1 5 -
v L] 4
—_——— . p ey
PHASE p-1 | TNRAM 1HRAM IHTRAM INTRA OUTRAM OUTRAM
( ... i TRl T Bl B )
\____ 1| T T 2 — e —”’
L. '—U——’ [
3| |F
1
I"ARAM VARAM L e
LS IOl uP
L I
— }
o — T — I
{ ruase p OUTRA! QUTRAM
1 t R )
N— _

A General Mujviple

T

Microprocessor Network
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