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PREFACE

In 1979 the concept of self-replicating systems was proposed to
NASA. Its possible application for future space missions was discussed
by the NASA Administrator and others wituin and outside the Agency.
The very limited applicable literature, the highly theoretical and academic
treatment of the subject so far, and the considerable complexity of such
a system have resulted in this concept being unfamiliar to the engineering
community.

This report originated from preparatory studies during 1979 and
1980 in anticipation of a 1980 Summer Study Workshop on "Automation
Mission/Technology Feasibility" directed at future NASA mission oppor-
tunities with special consideration of self-replicating or growth systems.

T'his report presents a study to develop concepts of self-replicating
systems that can be addressed in technical terms and, thus, generate an
understanding of the composition and function of these systems. This
objective has been achieved to a limited degree here because only the
outermost layers of problems have been uncovered exposing numerous,
yet uncharted, aspects. 7The results of this study phase, however,
appear quite interesting and are submitted for helpful comments. NASA
has no current plans to pursuc a development program on self-replicating

systems.
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TECHNICAL MEMORANDUM

SELF-REPLICATING SYSTEMS — A SYSTEMS
ENGINEERING APPROACH

SUMMARY

In the late 1940's John von Neumann began to develop a theory of
self-replicating automata. Others followed and completed and expanded
on his theories. This study presents an effort to convert the symbolic
abstractions of self-replicating automata into technical engineering con-
cepts. The various elements of such a system are defined and their
tasks described. A first concept of a universal constructor is presented,
a device which can build any machine if provided with proper instructions.
Its elements and their tasks are described. The problems of univarsal
parts production and systems closure are discussed.

The problems of exponential growth of such a system are addressed
and solutions arc presented to the problem of crowding and future expan-
sion. The interesting computational aspects of growth rates involving
various recursive number sequences are ouatlined. Among the selected
areas for further study are the problem of mutations and reliability. This
study is a very first approach to a complex engineering problem. It is
hoped that further study will provide sufficient understanding for a com-
prehensive engineering assessment.



1.0 INTRODUCTION

In the late 1940's John von Neumann [1] began to develop a theory of
automata. His substantial and unique works covered a broad area from
which one is of particular interest in this study. He formulated and
partially answared a basic question: What kind of logical organization is
sufficient for an automaton to be able to replicate itself? He addressed
and resolved the two a priori arguments against the possibility of self-
replication: (1) that it is natural to expect the constructing automaton .-
be more complex than the constructed one and, (2) that unreliable parts
cannot build a reliable system. Von Neumann's work is quite theoretical
and describes the complexities of his five models of self-replication.
Others that followed him completed and expanded on his theories.

To the knowledge of the authors there is no documented effort
available to transform the theory into concrete engineering terms and
concepts. This study attempts a first approach to the complex subject
of self-replication in terms of engineering concepts, converting the
abstractions of theory into building blocks of technical systems and
scenarios.

An engineering reference system is postulated here. The large
number of options that appe: “ed during the study was recognized; how-
ever all were disregarded except those of major magnitude and importance.

A self-replicating system (SRS) is an organization of system elements
capable of producing exact replicas of itself who, in turn, will produce
exact replicas of themselves. The total number of systems thus generated
grows exponentially. The replication process uses materials or components
from its environment and continues automatically until the process is ter-
minated. The SRS includes one system element which is the production
plant fcr the desired product.

SRS's are applicable if the following criteria are fulfilled:

Large number of identical items required

Otherwise very long production pcriods

Raw material or parts available on site

Space available for replication.

At the beginning a first, reasonably sized primary SRS would be

placed in the desired area, the self-replication process would be initiated
and continued untii the desired production capacity has been reached.

This limited study attempts to investigate some aspe of SRS's
with rege d to engineering concepts and systems growth crasacteristices.



2.0 THE ANATOMY OF A SELF-REPLICATING SYSTEM

2.1 General

J. von Neumann considered five different ways by which self-
replication of a system would be possible: The kinematic, the cellular, the
neuron, the continuous, and the probabilistic machine. Information on the
latter three machines remained fragmentary; the cellular automation approach
appears to be only a basis for theoretical analysis rather than for conceptual
engineering design, and 1.0 link could be established between this option
and a concrete machine design.

This report, therefore, is based on the kinematic model. Two extreme
versions are possible here: one, where each replicating system is auto-
nomous and of general purpose capability and two, where specialized indi-
vidual systems elements are replicated by a central facility and are located
in groups. The system grows by increasing the number of individual sysiem
elements [2]. The self-replicating, general-purpose autonomous concept is
described and conceptualized here because it seems to have the greatest
survival chance, reliability and versatility toward unexpected events.

The anatomy of an SRS is defined by two end conditions: (1) the
type and quantity of products required within a certain time and (2) the
available material required for these products and for the SRS itself.

The basic system elements of an SRS are (Fig. 1 and Frontispiece):

Material Processing and Feedstock Production I wnt (MP)
Materials Depot (MD)
Parts Production Plant (PP)
Parts Depot for Replication (PDR)
Parts Depot for Production (PDP)
Production Facility (PF)
Universal Constructor (UC)
Product Depot (PD)
Product Retrieval System (PRS)
End Product Assembly/Collection System (EPS)
Energy System (ES).
The Work Breakdown Structure (Table 1) lists all SRS system elements and

systems recognized in this study. The general nature of these is briefly
described as follows.



‘wolsdg uoneonday-jIas v Jo onjewaYsg 1 aandig

r—— T 771

an EO_ a voIild3y

}
|
| |
| 34 HO|
I |
i |
|
|
I

dd EO_ 8 vJI11d34d

J vII11d3H

Vv vOI71d434

- ==

SHd

‘——————\

/zo_:‘u:mmm

MOT4 TIVIHILVYN

N

™~ NOILVOITd3H




ST T . - . ~ e

TABLE 1. WORK BREAKDOWN STRUCTURE

| SELY ARPLITATING
SYSTEM

e ————

MININL AND MATERIALS
MHOCESSING SYSTEM

- MRING FACILITY
MATERIAL ANAL YSIS AKE SEPARATION FACILITY
- MATERIAL TRANSPORT SVETEME
MATENIAL REPHUNG SYETEME
. ~ MATENIAL PRDCESIING SYSTENS.
: — FECUSIOCK TRANSIOAT AND STAIBUTION SYSTEM
CuMBARD CONTADL SYSTEMS

. MATLRIALS DEPOT
SYinen

Ly —
FE.DSTOCK THARSPORT AND HANDLING SYSTER

- HLEDSTOCK KECOCMITION SYSTEN

~ PeROSIOCN ACCOURTING SYSTEM

- COMMAND ANO CONTHOL SYSTEMS

Wt

e g,

PANTS PRUGUCTION
SuliM

- [———
|- 4LLUSTOLA THANSPURT AND WANDUING SYSIRR

| $EEDSIOCK NECOUNITION SYSTEM

|- FEEOSTOCK QISTRISUTIEN SYSTER

[~ PARTS PRODUCTION SYSTEMS

. ~ SUBASSIMSLY FACILITMS

= PASIS ANL SUBALSEMOLY INARSPORT ARD MANDLING SYSTLMS
b WaALTE RECYOLL LOQPSYSTEM

- COMMAND 2nD CUSTROL SYSTEMS

PARTS DEPOTS
SYSTEMS

———— ———ed

- PARTS AND SUBASILMOLY TRANSPOAT ANO HANOLING SYSTEMY
- PARIS AND SUBASSEMBLY AECOCNITION SYSTEN

b PARIS ANO SURASSEMBLY ACCOUNTING SYSTIM

~ LUMMAND AND COMTROL SYSTEMS

PRODUCTION FACILITY
i

SYSTEM

PANTL ANU SUuASSEMBLY TRANSPORT
ISTHINUTION SYSTEM

PROVUCTION AND ASSEMBLY FACIITIES
ERTTIRY TSIV 1% 9

- WASTE KLEYCLE LOOPSYSTEM

PUIEUCT THANSPOAT ANC NANOLING SYETEMS
LUMMAND AND CONTROL SYSTEMS

MARDLING SYSTEM

T

T

~ .

UNIVEHSAL CONSTHUCTOR
3

TUKNTASLE

WMAS* LA COMMAND AND CONTADL
VRPUT CATE

QUIPUT GATES

CANTRY

CORVEYIR

COMMARG RECRIVER

L~ MOEH L URIVERSAL CONSTRUCTOR

PAKTS AND SUBASSEMSLY TRUCK
1 [;Q‘u HQCION ARD ASSEMSLY SestEm
UMMAND AND CONTADL SYSTEMS
. PRODUCTS DEPDT
SYSTEM
. PO

PRUBUCTS TRANSPORT AND MANOLING SYSTEM
PHODUCTS NECOGNITION SYSTEM
PRODULTI ATLOURTING SYSTIN

= COMMAND AND CORTROL SVITEMS

PHODULT AETRIEVAL
SYSTEM

— e

FHUBUCT HARDLING SYSTEM

s Sanma =

- CEF WAL
N0, 10VAL

PHULULT THANSPORT SYSTEW
~ LUMMAND AND CONTROL STSTEME

ENERCY
SYSTEM

- GSIRIBUTION

EWD PRODUCY
ASSEMSLY/COLLECTION
BATL

- _
-~ PANTS AND SUBASSIMBLY TRANSPORT AND NANDLING SYSTEM

-~ PATS AND SUSASSEMBLY RECOGMITION SYSTEM
- PAKIS ARD SUBASSEMBLY DISTRIGUTION SYSTIM

PHODUL IS AND ASSEMBLY SYSTEM

= TRSERATHTY
— COMMAND AND LONTROL SYSTEMS



2.2 Materials Processing and Feedstock Production Plant (MP (Fig. 2)

Here, raw materials are gathered by strip or deep mining, analysed,
separated and processed into feedstock like sheets, bars. ingots, castings,
and other. The processed [eedstoek is then layed out and stored in a
materials depot (MD). ‘The MP has a high degree of autonomy including
self-maintenance and repair. It is linked to a central supervisory control
system which is described later. The MP, therefore, consists of:

Mining Facility

Material Analysis and Separation Facility

Material Transport Systems

Material Refining Systems

Material Processing Systems

Feedstock Transport and Distribution System

Command and Control Systems,
2.3 Material Depot (NMD)

The MP deposits the v .rious feedstock categories according to a
pre~determined plan such that the subsequent parts producticn may pro-
ceed in the most expedient way. It also forms a buffer during interrup-
tions in the MP or PP. Therefore the MD consists of :

Feedstock Transport and Handling System

Feedstock Recognition System

Accounting System.
2.4 Parts Production Plant (PP) (Fig. 3)

The PP selects and transports feedstock from the MD and produces
all parts required for SRS replication and the products. The finished
parts arc layed out and stored in cither the Replication Parts Depot (PDR)
or the Production Parts Depot (PDP). The PP is highly automated includ-
ing matcreial transport and distribution, production, control and subassem-
bly operatic . The parts production covers the total requirements for
the SRS replication and for the produet production. The problems of
universal parts production and systems closure are discussed in Section
3. 0.

The PP, thercfore, consists of:

Feedstock Transport and Handling System
Feedstock Recognition System

Feedstock Distribution System



A e e e s

*(diN) juerg uononpoaq ¥}ooyspasg pus 3uissasoag S[BLIa1B  °Z aanJiy

29vyois duodsnvus | | omiss3dous NOILvHvdIs % NOILISIND DY 1430 41nD3 1041802
wiNILYN N EICT INILYIN SATVNY 1Vl I 8 AJAUNS Eroﬂ
1041NO2

an

8464 3NN ‘11 UIINUYI O1AVE ‘M
«NILSAS ONININ dluss UVYNNTY. :33N3¥33y ,

«INV
ONISS320u4
VidaLvw

a2 T

I0viois
WihaLvw

LLERDLT] suiavol

7 S T R P N awle N : o "



‘(dd) uononpoad siaed

‘g aandrg

3IDAI3YH A1SVM

S$31T8WN3SSY

ONINIHOVIN

—8NS (=
B SLHVYd

Had

-

ONIWYO4

ONINIZIY

th

JOYLINOD
B

HIMOJ

1HOJSNYHL ‘SHOLVNLOV

NOILINDOO3H ‘SHOSN3S

}

ANVYWINOD
In

TLVIN J0Hd

}

]
aw wou4 §




LT PRI SRR g

e

Parts Production Systems

Subassembly Facilities

Parts and Subassembly Transport and Handling Systems
Waste Recycle Loop System

Command and Control Systems,

2.5 Parts Depots
2.5.1 Replication Parts Depot (PDR)

All parts and subassemblies required for replication of complete
SRS's are stored here in lots destined for specific ~ :lity construction.
The layvout is planned for the most expedient delivery to the construction

sites by means described later. It also forms a buffer during interrup-
tions in PP and UC.

2.5.2 Production Parts Depot (PDP)

Here, parts are stored exclusively for use in manufacturing the
desired products in the PF. If this facility requires certain raw materials
in addition to parts and subassemblies, these materials will have passed
directly through the PP unchanged and stored in the PDR. The PDP
also acts as a buffer during interruptions in PP and PF.

2.6 TIhe Product Facility (PF) (Fig. 4)

This facility produces the desired products. Parts and subassem-
blies are picked up from the PDP, transported into the PF, and undergo
specific manufacturing and production processes depending on the speci-
fied product desired. The finished products are stored in the PD to
await pickup by the PRS system.

The PF, therefore, consists of:

Parts and Subassembly Transport and Handling System
Distribution System
Production and Assembly Facilities
Test Facilities
" ete Recycle Loop System
Product Transport and Handling Systems
Command and Control Systems.
Two options exist to construct the PF (Fig. 5). Economic considerations

and construction schedule studies will decide which path to take. This

study considered option (a) where an initial PF was delivered together
with the .nitial SRS.
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2.7 The Universal Constructor (UC) (See Frontispiece)

In principle, the UC is a system capable, upon instructicns, of
constructing any system. Here the purpose of the UC is to self-replicate
a complete SRS a specified number of times in such a way that these
replicas, in turn, construct replicas of themselves, and so on. The UC
has the overall control and command function for its own SRS as well as
for the replicas until control and command functions have been replicated
and transferred to the replicas.

The command and control functions of the UC can be overridden by
axternal means.

Unfortunately, von Neumann [1] did not find time before his death
to ieave a design for a CU, rather what is available are symbolic and
abstract functions, proofs, and sequences. Therefore, the following is
a first attempt to gencrate a plausible engineering concept that would
carry out the self-replication functions. The UC has to perform the
following tasks:

Receiving Parts and Subassemblies

Sorting Parts and Subassemblies

Loading Parts and Subassemblics

Transporting Parts and Subassemblics

Assembling and Constructing Systems

Installing Systems

Integrating Systems

Copying and Transferring Instructions

Testing Systems

Starting and Controlling Operations.

The UC consists of two major, separate elements:

a) The Stationary Universal Construction Unit (SUC) (Fig. 6).

b) Several Mobile Universal Construction Units (MUC) (Fig. 7).
The operational events taking place at the UC are as follows:

a) The gantry picks up parts and subassemblies and places them
on the conveyor, arranged by subsystems.

b) The conveyor transfers the parts and subassemblies to the
turntable where a MUC is parked.

12
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¢) The MUC's Construction and Assembly System (CAS) transfers
the parts and subassemblies to the Parts and Subassembly Truck (PST).

d) The MUC departs to the construction site and begins construc-
tion. Continual commuting of the MUC back to the SUC will take place.

e) The turntable indexes for one sixth rotation and the next MUC
is ready for loading.

The center of the SUC contains the central Master Control and
Command System (MCC) which is programmed for supervising the total
operation and which communicates with the peripheral controls of the
. MUC during the self-replication phase and with the replicated SUC during
3 the transfer of command and control for the operation of the new unit.
4 The MCC also supervises the operations of its own system elements from
. materials acquisition to product retrieval. In summary, the total composi-
tion of the JC is as follows:

suc MUC

TT MOC OG IG CON GA PST CAS

LS PS cC RS Others

T AT AR 3R T e T

2.8 Product Depot (PD)

The outputs of the PF are stored here, ready for retrieval. In
case there are major hardware components for delivery to the EPS they
are stacked in such a way to be picked up readily by the PRS., In case
of pure elements (e.g. oxygen) storage will be in containers to be picked
up and returned empty to the PF. The PD also serves as a buffer
between varying output and retrieval rates,

2.9 Product Retrieval System (PRS)
The PRS collects the outputs of all units of an SRS Field and takes
them the EPS. The dashed lines of Figure 13 show an example of this

transport problem. This system's layout needs close consideration in the
overall growth plan to arrive at an optimum PRS.

15
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2.10 End Product Assembly,Tollection System (EPS)

Depending on what end product is pl .ned, the EPS may take many
different forms. Potential end products ar: Fhotovoltaic Power Plant and
Gaseous or Liquid Oxygen.

2.11 Initial Emplacement Requirements

The following primary systems must be placed at the selected site
for SRS operations:

a) Materials Processing and Feedstock Production Plant (MP)

b) Parts Production Plant (PP)

c¢) Product Facility (PF). This is optional.

d) Universal Constructor (UC)

e) Segment of the Product Retrieval System (PRS) serving the
primary system and each replica of that primary.

f) Segment of Energy System (ES) serving the primary and each
ot its replicas.

g) Segment of the End Product Assembly/Collection System in
support of the primary and its replicas.

16
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3.0 UNIVERSAL PARTS PRODUCTION AND SYSTEMS CLOSTRE

3.1 Statement of Problem

Several workers in the areu of SRS (Laing, Freitas, and others)
have discussed a potential problem area which involves the PP of an SRS.
This can be described as follows: If a primary system is to replicate
itself it may only be able to produce a certain fraction of its number of
parts, requiring a second machine to produce part of the remainder, and
an undetermined number of machines to complete the replication. How-
ever, all these additional machines must then also be replicated, needing
additional machines to do so and so on ad infinitum.

3.2 Approach to Problem Solution (Fig. 8)

We can gather evidence that this problem is solvab’ we consider
the finite characteristics of real machines. To do this w ailate thie
problem as follows: "Can a set of machines produce all ¢ ~lements ?"

The argument may be carried out as follows:

1) If all existing machines were disassembled into their individval
parts there would obviously be a finite number of parts, many of them
identical, and a large number would be of common categories like shafts.
motors, wiring, etc. The only difference between the machines would be
a different selection, arrangement and different dimensions of this finite
number of parts.

2) A finite number of parts involves a finite number of machine
operations, this number being less than the number of parts.

3) Therefore, the number of machines is finite and less than the
number of operations.

This reasoning can then be generalized to say: "Every existing machine
cen be reduced to a finite set of machine elements, and there exists a
finite set of machine operations.”

We can therefore conclude that: "A finite set of machines can
produce any machine element"” (universal machine shop). In order to
minimize the number of parts and of machine operations, however, a
limited number of standard, common elements should be developed and
machine operations should be limited as much as practical by substitution
(e.g., cie-casting instead of machining, grinding and finishing).

3.3 Extension of Approach

A similar reasoning may be applied to the materialz processing and
feedstock production:

17
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1) There exists a finite number of different materials anywhere.

2) There is a finite number of materials processes which is less
than the number of materials because single processes result in various
materials (e.g., silicon and oxygen).

3) There is a finite and rather limited number of feedstock require-
ments (e.g., bars, rods, ingots, plsisz, ute.).

4) The number of materials is much less than the number of parts.

5) Therefore, there is 2 finite and limited number of MPR's and
FPR's required for an SRS.

19



e he PO b

4.0 ENERGY SYSTEMS (ES)

An SRS and more so an SRS field with a large number of SRS
units will require a considerable quantity of energy to replicate and to
produce. It is postulated that solar and nuclear energy are the only
practical sources of that energy. Since a nuclear energy source cannot
be: replicated and a single source would be excessively massive (power
requirements estimated in the gigawatt range) that leaves solar energy as
the sole source.

The following daylight options for ES's can be considered:
a) Central photovoltaic with a ground cable network.

b) Distributed photovoltaic with local distribution system.
¢) Individual photovoltaic.

d) Satellite Power System with a microwave or laser power trans-
mission with options of a central, local, or individual receiver.

The following night options can be considered: MHD, thermionics,
or turbogenerators using fuel generated with excess capacity during
daytime. The fuel could be aluminum, calcium, or magnesium and oxygen.
As a reference ES pending future tradeoff studies, a central silicon
photovoltaic power station of 15 percent efficiency has been assumed.
Since this ES may have output in the ten's of gigawatt range and, there-
fore, its size would be several tens of km2 it must be outside the SRS
field. A practical location seems to be near the End Product Assembly/
Collection System (EPS) because a Production Parts Retrieval System
(PRS) is already in existence (paragraph 2.9).

Each SRS will produce in the PF in line with its scheduled products
a part of the ES equal to the energy needs of its replicas. This will be
retrieved with the regular products by the PRS and assembled to the ES.
The ES capacity, therefore, will grow with the demand during the self-
replicating phase.

20
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5.0 GROWTH CHARACTERISTICS OF SELF-
REPLICATING SYSTEMS

5.1 General

The self-replicating process which proceeds from a single primary
system to many hundreds of systems has to be carefully planned to reach
the desired final capacity without running out of space and material.

There are possibly very large numbers of feasible growth patterns
which allow selection to adapt to local area and material situations. For
practical purposes certain constraints in the pattern selection must be
applied if undue programming complexity is to be avoided.

The growth patterns investigated here are based on the following
general groundrules:

a) Self-replication shall be sequential, one replica at a time by the
primary system (Fig. 9A).

2
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14
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b) Each replica is constructed during a constant time interval t.
This time interval is constant throughout the total system and is used as
general time unit.

¢) The number of replicas n of each "primary" system is a constant
throughout the system. An exception is noted later on.

P T L

d) There is a pre-determined minimum spacing between adjacent
replicas.

e) Production begins after the replication phase is turned off.
No simultaneous replication and production except in option d.

5.2 Self-Replicating Options
The following notations are used:

n = number of replicas per primary.

m
t

k = number of time interval (k = 1, 2, 3...)

number of generations until cutoff.

time required to replicate a system, the unit of time.

Sy = number of systems generated in the kth time interval.

T = total replication time between start and cutoff of the total
system. This will always be a multiple of t to avoid unfinished systems.
= S = total number of systems available at cutoff.

21
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There are four basic self-replication options available:

Option a (Fig. 10)

Figure 10. Option (a) S = 15.

Each unit produces a fixed number of replicas and begins produc-
tion thereafter. Replication proceeds through a fixed number of genera-
tions for each branch of the system. We have

mtl 1

e LRI AT e 0,0 jﬁ"ﬂ\g'ﬁpmmﬂlmmmmv#" 5

§ = nn -1 W
T = kt ‘ (2)
k = nm (3)

P

Option b (Fig. 11)

’ Like option a, a fixed number of replicas n is produced by each
primary. However, replication continues throughout the system until
cutoff at T. Due to the sequential replication, earlier branches will have
produced more generations of replicas than later branches. We have:

Si = Si_l + Si_2 + ... %+ Si-n (4)

23
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Figure 11. Option (b) S = 33.

The totals for each time interval form a recursive sequence of Fibonacci
numbers where the number of replicated units at any time interval of
length t is equal to the sum of the n preceding numbers of replicated

units (See Section 6.0). Since there is always an original system 00 we
have:

Sg = 1 . (%)

At k = 1 the original has always produced the first replica (11);
therefore,

slzl . (6)

At k = 2 the original has always produced the second replica (12), and
(11) has produced its first replica (21); therefore,

From here on we construct the sequence according to equation (4). Sim-
ilar to equation (2),
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T = kt . (8)

Option ¢ (Fig. 12)
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Figure 12. Option (¢) S = 127.

By lifting one of the previous groundrules a SRS can prcduce its
replicas simultaneously. Large mass flows and possible programming com-
plexity are involved in this high production rate option.

Here we have:

k+l in+1
n -1 n -1
S = Tm-1 % Tn-1 )
k
Sk = n (10)
k = m

(11)
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Option d

This option covers options a-c but with simultaneous replication and
production rather than sequential (Fig. 9B).

The comparative growth rates of options a through c are given in
Figure 13. A summary of the options is shown in Table 2.

.0 - (e

{b)

(a)

Figure 13. Growth rate comparison.

TABLE 2. SELF-REPLICATION OPTIONS

Self- Production
Replication | No. of No. of Replication Versus

Options Replicas Generations Timing Replication

a Fixed

Sequential
b Variable After
Fixed .
c Fixed Simultaneous
d Any of the above Simultaneous

26
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5.3 Growth Plans for Self-Replication

A few examples of growth plans are discussed here. Figure 14
shows in some detail an SRS field with simultaneous construction of three
replicas per primary over three generations resulting in a cutoff time
of T =9t (k = 9) and 40 units capacity.

The routes taken by the MUC's are shown by solid lines, the
product retrieval routes taken by the PT's are indicated by dashed lines.
Figure 15 shows a growth plan for an SRS field with sequential construc-
tion of replicas with n = 3 and T = 9 (k = 9) producing 326 units.

This type of growth pattern may be well suited for the production
of different products in cach cluster which then are assembled into a

final product in the EPS. It is interesting to note that the number of
units in each cluster is again a series of Fibonacci numbers. In the
example shown in Figure 15, the clusters of the second generation (21 -
29) have the population

Generation 29 28 27 206 25 24 23 22 2]
Population 2 15 28 15 28 51 28 51 94

The number scquence is then:

(1) (2) (5) 8 15 28 51 94..

which is the Fibonu2ci sequence for n = 3. Therefore, if one knows the
population of the smallest cluster one may obtain the population of any

other cluster of the same SRS Field. Obviously there is a large varicty
of growth plans possible; however, certain considerations are important,

L e.g.t

a) The best way to retrieve the products and transport them to
the End Product Assembly/Collection System (EPS).

b) The best way to control and maintain growth up to the desired
capacity.

¢) The optimum relationship between programming complexity and
space utilization.

5.4 Future Expansion of Sclf-Replicating Systems

Assume that the growth plan of an SRS field is layed out based on
minimum desired distances between adjacent units constructed during the
final time interval. If a later decision is made for an increased production
capacity, a number of opticens are available:

a) The mass flow capacity for self-replicatior is expected to be

greater than for production. The total capacity could be converted to
production precviding for ample rowth.

27
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b) The use of "runners" appears practical. Selecied SRS units
of the final time interval could receive instructions to construct one or
several single units in a suitable, radially outward direction (runners)
and then return to standard instructions. Thus, the last unit at the
end of the runner becomes the primary for a new SRS field (see dash
lines in Figure 15).

5.5 Control and Command (CC)

A first cut at required CC between SRS elements is shown in
Figure 16. The overall Master Command and Control System (MCC) of
the UC is shown in the center operating its own SRS unit through indi-
vidual communication links. These address the local CC system of indi-
vidual SRS elements. These, in turn, communicate with each system
within the elements.

MCC is also connectud to the stationary and the fleet of Mobile
Universal Construction Units (SUC and MUC's) which replicate the pri-
mary SRS above. A possible option becomes apparent from this firure:
an all mobile UC could move from place to place and construct more than
onec replica. This would mean sceparation of operation and replication.
This needs further investigation.
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6.0 COMPUTATIONAL ASPECTS OY SELF-
REPLICATING SYSTEMS

This section addresses two cases, those referred to as Option a
and Option b of the previous =ection. Seve.al formu'as wili be derived
and those most useful, ii seems, are 17, 13, 19, 22 and 23. There are
multitudes of novel relationships that one may discover hidden in repli-
cating sequences [3].

We begin by looking at Option b where replication continues
throughout the system until cutoff at time T = kt. To more clearly illus-
trate the methods used to derive the formulas we will concentrate on the
cose of two replications per primary, n = 2, and refer to Figure 10. We
begin by noting the relationship which must exist between the number cf
replicas produced in each time interval. Any veplica must have been
produced during one of the pr~vious time frames since each replica pro-
duces two offsprings, one in cach of the two time frames immediately
following its own construction. This mecans that the total number of rep-
licas 8 produced in the ith time interval equals that produced in the

previous two, i.c.,

Si T St Sy - (12)

This recursion relation with So =81 T 1 gives precisely what is known

as the Iibonacci numbers. One may compute the total number of replicas

Sk in k time intervals as foliows. We rewrite the above - ration s, o =
S = 8. 1.
1 i-1

v
I
423

k2 T Ok+l (13)

32



e BTSN e Y

[

R

Since 8y = 2 and for n = g, the total number of replicas after k time

periods is one less than that which would be produced during the second
tine period in the future or equivalently, using equation (13), we obtain
one less than twice those of the present frame plus those of the last i.e.

Instead of using equation (12) to generate the S)» We may alter-

nately find the number of replicas produced during the kth time period
by adding the elements of Pascal's Triangle lying along a 22.5° line
beginning on the kth line (Fig. 17):

i c .
R <]2: l) for k = 2j (even)

= (14)

i /s
. j+i+1 — os
.2, (2i+1)fork—2]+1(odd)

There are many approaches one may use to arrive at useful for-
mulas. For example we note that the function f (z) = 1/(1 - z - 22) is
a enerating function for the S+ That is

———-1————2= s s X (15)
1-2z-2

Also f(z) is analytic in the complex variable sense with singularities only
the simple poles at

py = (-1+ /5 3/2 and Py = (1 + 5.
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Using Cauchy's integral theorem 1 Cauchy's residue theorem,

< = 1 [f)dz

k T o7l ) ke - R

1 - R2 ’ (16)

Where I' is any origin centered circle with radius greater than P, where
R1 and R2 are the residues of f(z)lzk'lh1 at the poles P,y and P2. Thus

- _ k+1 _ _ k+1
R1 = ll(p2 pl) P, and R2 = ll(p2 pl) P,

!

Finally one may conclude that

1 [ mNEE 1- A
Sk - - 2 - 2 . (17)
V5
Equations (13) and (17) give a formula for the cumulative replices:
_ 1 k+3 k+3
S = — 1+ .,/5 1 -5
k /5‘[(2 ) ()] - (s

At this point, if not before, the reader will probably try a few examples

since these surprising formulas abound with irrational numbers and
Sk and s) arve both integers.

For n > 2 similar expressions may be derived; however, they are
not as compact as those above. For n = 3, i = Sy g + Si-2 + S_3

1/(1-x~x2-x3) = ) skxk
k=0
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and the total number of replicas after k periods is Sk =1/2 ( 3s) +
2sk_1 +8 9" 1). For arbitrary n, s, =8, _, + S, o+ . . -+ 8§ o
and alternatively each sy may be calculated by division, in that

w

1 . k
m = >_ 8y X . (19)
1- 3 xK k=0
k=1

We now address the more complicated system which exists in
describing the number of replicas at cach time interval when the restric-
tion of a fixed number of generations m is imposed (Option a). We will
now slightly change our notation by adding another subscript. Sm .k

denotes the number of replicas generated during the kth interval where
m is the number of generations.

As an example let us consider Figure 11 where n = 2, m = 3. One
observes that the diagram is the same as Option b until the limited num-
ber of generations begin to curtail rcplication, equality ceases after
k = 3. One also observes that adding one more generation would add
two replicas for each with a maximum of m ancestors. This would add a

total of 2" replicas. We find the sum after m generations by adding the
terms, thus

m .
y 2 = oMl _
=0

S , (20)

since we have a geometric series. One would like to know the number of
replicas produced during each tim: frame, This would essentially require

2! being partitioned correctly with each part added to the right time frame.

in .
The binomial theorem (1 + a)™ = ('1“) a' with a = 1 gives a possibility
120

1

m

ol . n . . .
2 = (‘) and a carcful counting argument establishes that s . =
i=0 i m,m+

L3 . m . g 3
m-1,m+ + (1) i=0,1, ..., m. The gencral formula for any n is
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n
i s _ k=0,1, ..., m
i=1 m,k-i
Sm,k = | 1)
: n 1
= X . . um =m,m+1, ..., nm
3 Sm-1,k * P (m1 n) k ’
i: .
f n
$ where the last summation is taken subject tom = m, and
% i=1
kN
4 n
g k= 1) imi and any Sm X with negative subscript is zero.
z i=1 :
;

An easier formula to apply may be obtainec by making use of the
fact that each replica was produced during one of the previous time
intervals and may have been from any of the previous generations. For
example with n = 2, and the k-1 and k-2 time interval, there exist two

two cases with respect to the Kth - time interval. Each replica in the

k-2 interval is either a m-1 generation replica or not. If not, then by
definition, it has an offspring in the k interval; if so, then the next
generation puts one there. The same argument goes for the k-1 interval.
Since that is the only way one may be placed, we have the relation

TR weplaT s o

Sm,k = Sm-1, k-1 * %m-1, k-2 (see Figure 16) (22)

The same argument holds for any n. Thus

n
Smk’ T L Smel, ki (23)

This approach allows any schedule to be com i

pleted recursively. Th
diffez:ence between option a and b is that for Option b, m eqz’xals oo,e s?)nly
that in effect Sm,k = sm-l,k‘ that is, generations are not an issue and

we drop the m in the notation.
37
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7.0 SELECTED AREAS FOR FURTHER STUDY

7.1 SRS Field Complexity Versus Single Plant Complexity

It is important to know the difference in technology investment
between self-replication and production. There must be a threshold where
self-replication becomes economical compared with a single large production
plant. This area requires intensive study.

7.2 Reliability Requirements

The reliability of components limits the complexity of the automata
we can build, and self-replication requires automata of considerable
complexity.

Any self-replication process is able to undergo inheritable mutations
or random changes of one or more elements. If this happens the system
will usually not completely replicate itself. A random mutation is most
probably lethal or sterilizing but may be nonlethal and inheritable.

These mutations may be compounded such that either replication
stops or nonfunctional systems arc constructed. The potential rapid
build-up of mutations must be investigated and the minimum required
reliabilities established.

7.3 Economical Sclf-Replication

This will depend on a very high degree of commonality between the
parts of the various.systems. New design approaches must be developed
that may stress commonality over functional efficiency. Section Section 3.2.
7.4 Totally Mobile UC

The option of a totally mobile UC should be investigated to reduce
time of construction and waste. In this case, the MCC must be divided

and separated so the operational MCC stays with the primary and the
replication MCC moves with the UC. ’
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8.0 A PROPOSED DEVELOPMENT AND DEMONSTRATION
PROGRAM FOR SRS

8.1 Overall Program Objectives

The overall objective of an SRS Development and Demonstration
Program is to develop an operational SRS to provide a variety of mass
products from large areas of terrestrial and non-terrestrial raw materials
autonomously and efficiently.

. More specifically the objectives are:
a) To provide specific focal points for technology development.
b) To provide criteria for the development of required logic and
mechanical systems of stepwise increasing complexity and their reliability

and failure modes.

¢) To investigate and solve for technology deficiencies.
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d) To generate a model that will provide data and information for
future mission planning (development schedules and cost).

e) To evolve toward an operational autonomous SRS.

f) To present to the technical and scientific ccmmunity a new
¥ technology.

g) To provide new opportunities for an advanced space program.

8.2 Approach

The complexity of an SRS system requires a careful, stepwise
epproach toward development and demonstration. This approach is
supported by the basic anatomy of an SRS system which can be readily
designed in a highly modular way that allows a gradual expansion from

. basic technologies and demonstration objectives toward an ultimate "all-up"
operational systems demonstration and capability. Most developments and
demonstrations can be carried out on the ground at various locations.

As a minimum demonstration goal the self-replication process should cover
at least two generations of one replica each to verify proper information
transfer.

The total SRS development and demonstration program will consist
of four major phases, each of which will have numerous intermediate
steps. The four phases are (Fig. 18):

a) Self-replication of the Universal Constructur (UC) from finished
parts of subassemblies.
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b) Addition of a product facility (PF).
c) Addition of parts production from feedstock (PP).

d) Addition of feedstock production from raw material processing
(MP).

The totual development time is estimated to be 20 years with a major
decision point in the sixth year. The first basic demonstration of a
construction robot self-reproduction should be possible after 5 years from
the start of the development (Fig. 19). The individual development steps
are briefly described here.

8.2.1 Theory, Conceptualizations, Preliminary Concept Design.

This first step in the evolutionary process toward an operational
SRS will include the theoretical background for the se.ected kinematic von
Neumann option and develop engineering concept options for overall sys-
tems layout including instruction replication, hardware reproduction,
systems operation and management and selected products. It will also
include application options and a description of a selected reference
application as the basis for a development program. The res'ts of this
step williinclude a preliminary concept design.
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This step will be repeated during the early phase of the system
analysis in order to survey new situations which may evolve from tech-
g nology developments and the demonstrations of subsystems.

8.2.2 System Analyses

This effort will be continuous during the entire SRS development
and will be the classical format which does not need elaboration here.
This will be a rather sizable effort involving the generation of a totally
new industrial production system and which will require a major
organizational and managerial approach and effort.

8.2.3 Technology Development

This effort will have to respond continuously to the requirements
originating from the systems analysis and includes computer, communica-
tion, materials, production and assembly, and autonomous systems
management technology. It covers both hard- and software development.
Results must be fed back into the systems analyses to provide trade-off
data and systems and subsystems characteristics and performance
parameters.

8.2.4 Technology Verification

As soon as technology data and requirements become available,
verification efforts under simulated conditions on the ¢round or in space,
as required, will proceed. Close coordination between development and
verification must be maintained.
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8.2.5 Subsystems Demonstrations

This key effort will be an important basis for a major decision
point. Its objective is to demonstrate the performance characteristics of
the partially integrated, previously verified operational conditions. The
result of these efforts will verify all theoretical and technological efforts
to date and serve as a qualification for subsequent individual systems
demonstrations.

8.2.6 Individual Demonstrations of Systems (Ground)

If the decision is made to proceed from the subsystems demonstra-
tions, the systems must be demonstrated in their entirety. This involves
the following individual integrated systems: Construction Robot (CR),
Product Facility (PF), Parts Production (PP), and Materials Processing
and Feedstock Production (MP).

Each demonstration can be performed at different locations as is
practical and will run with predetermined, simulated interfaces. These
10-year demonstrations constitute the major phase of individual systems
performance, efficiency, requirements, antonomy and reliability deter-
mination in preparation for a development toward an all-up demonstration.

Each system will be demonstrated in each step of its evolution,
e.g. the CR will demonstrate four successive capability designs: repro-
duction of itself, itself plus a PF, itself, a PF plus a PP, and finally an
all-up capability. The PP demonstration will be performed in a similar
sequence.

8.2.7 Systems Demonstration With Incremental Build-Up to an All-Up
System

After the individual systems demonstrations have run successfully
this phase will perform an incremental - uild-up of the final versions of
each system ending up in all-up demonstration in a simulated environment
and under the closed possible operational conditions. This demonstration
will be performed over several generations with several replicas each.

After final all-up runs theé'system can be declared ready for lunar
applications.

The emplacement time of the first operational primary SRS will
depend on transportation availability and scheduling which is not covered
here.

The initial operational emplacement will follow a predetermined start-
up plan which will increase autonomy at a rate which is determined by

the build-up of confidence in the system. Simultaneously control and
maintenance of personnel will be decreased.
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8.3 Fundamental Development and Demonstration Program Requirements
(Table 3)

To establish a first order set of development and demonstration
requirements, we shall define the requirements of each of the basic four
elements of an SRS as we progress through the four phases of the
development and..demonstration program. It should be noted that the
last phase should be equivalent to an operational system, though probably
different in scale.

8.3.1 Construction Robot (CR)

In phase a: The CR's sole task is to construct a replica of itself
from furnished parts and subassemblies which are readily delivered to the
CR. The parts and subassemblies include any:jiggs and fixtures required
for construction. Phase a could proceed from a rather simple CR to more
complex ones in discrete steps. The last step should approach the
complexity required by the phase b demands.

In phase b: A Product Facility (PF) will be added to the CR.
Therefore, in addition to constructing a repnca CR, the required number
of Production Robots (PR's) must be constructed by the CR. The PR's
are reprogrammable robots commensurate with the desired product
production.

In phase ¢: We add Parts and Subassembly Production (PP) to the
CR. This requires from the CR the construction of a number of Parts
and Subassembly Production Robots (PPR's) in addition. to construction
a CR and PR's. The PPR's have to produce parts and subassemblies for
PPR's, a CR and PR's.

In phase d: We add as final element a Materials Processing and
Feedstock Production Facility (MP) to the system. The MP has Materials
Processing Robots (MP™'s) and Feedstock Production Robots (FPR's). The
required pai.s and subassemblies for these must be added to the capabili-
ties of the PPR's and the required consiruction of these must be added
to the CR capabilities. Table 3 shows this evolution in a systematic and
schematic way.

8.3.2 Production Facility (PF)

This facility will be added in phase b and may have far reaching
commonality with the PP to be added later in phase c¢. It operates with
PR's assembled by the CR.

8.3.3 Parts and Subassembly Production (PP)

In phase ¢, the PP will have to produce its own [arts in addition
to the parts required to assemble a CR and the PR's. In phase d the
PP will have to produce che parts for the MPR's and FPR's in addition
to its own parts and those of the CR and the PR's.

44



‘S, ddd ONY *S.dd
‘¥0 “s.¥dd S, YdW 404
NOT12N00dd 420150334
HY_ONISSIO0Ud TWIYIIVKH

*S,4dd IMSYL "(S,¥dd S, ddW) (]
“S,Y¥dW “S.Y¥dd *S,Udd “S,udW *S.¥d $1090Y NOILJNQOHd #I0LS
‘s,ud ‘¥ 40 ‘42 ‘s.%dd 404 NOIY -0333 ONY HNI1SS300¥d
NOTLINYLSNOD “MSYL | -JnQ0Yd Sldvd :SASYL { wI¥IlvW : in3udind3

*S,dd “¥) ‘S.¥dd H04

t S, 4dd ‘10000¥d S1¥vd  :NSVL
‘s, dd ‘¥ 40 {S.udd) 3
NOTLONYISNOD  :ASYL $108908 NOILINAOYd

S1¥vd  *INIWAIND3I
NOI1ON00Yd
1I0A0Hd  NSYL
{3:4d) ST — 8
NOILINGOWd :INIWQIAD3 |  NOTLINUISHOD - =Syl
¥ 40
NOTLONHISHOD  :ASVL '
¥)  INIWJIND3
(4d) (¥7) {dd) (dn) 3S¥Hd
10804 NOTLDNO0Yd 0W3a
ALIIOVS NOILIMYLSNOD HOT1DNA0Yd ATIWIS 30150334 QNY ISLEERE
13n004d -SYans ONY SLdvd ONISSII0¥d SIVIYILYH JISYS S¥S

SLNINWFTA SHUS 40 SINIAWAUINDIY TVINIWVANNL

SRl iy oaoteie i B Vo b PSR TR e & el e e s

't AIdVL

45

R

A G S I, g % T

s



Lo

8.4 Technological Considerations

a) Definition of a basic set of multipurpose tools and machinery
with a maximum in flexibility. This will automatically lead toward tools
and machinery that can self-replicate (see Section 2.0 for details).

b) Definition of basic mutipurpose mechanical, electrical and elec-
tronic elements and building blucks. This will lead toward a maximrm of
commonality of building and inachine elements.

c) Tradeoffs should be made between numerous single-purpose
machines that are relatively simple and easy to replicate and limited
numbers of multi-purpose machines that are complex and more difficult
to replicate.

8.5 Demonstration Phase a
8.5.1 Objectives

a) To demonstrate the replication of a robot and necessary
peripheral e yuipment including the logic system over two generations
wroducing one replica in each generation.

b) To generate information on the reliability and failure modes of
the replication process and the replicas both in the logic and the
mechanical systems,

¢) To achieve operational confidence in the system and proivide an
approach for the addition of a production facility.

8.5.2 Approach

A possible development sequence toward the objectives of phase a
is as follows (Fig. 20):

1. Define assembly sequence of CR -- Lere we will devise successive
steps of complexity by defining a series of assembly tasks ::om sub-
assemblies down to complete assembly from individual parts.

2. Define assembly tools, fixtures, equipment, etc. — All au. iliary
assembly aids must be defined because they will have to be included in
the replization process, an early option-may be their inclusion in the
parts delivery.

3. Substitute manual assembly phases by special tools, fixtures,
equipment, etc.” — It can be readily assumed that certain manual lator is
involved in the conventional CR assembly. Substitute equipment has to
be developed and:included in the self-replication process, an early option
would be their inclusion in the parts delivery.
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4. Define assembly sequences of tools, fixtures, and equipment
(including logic system) — The assembly sequences of both primary and
substitute tools, fixtures, equipment, etc. have to be established in
addition to the CR assembly sequence (task 1).

5. Define design and assembly modifications — Any design or
assembly modifications must be considered here which result from auto-
mated assembly requirements. The results must be fed back into tasks
(1) through (4).

6. Match assembly sequences with CR capabilities — These
sequences must be matched with the CR capabilities. Any changes must
be fed back into task (5).

7. Parts list — A complete parts list can be drawn up now.

8. Final Assembly Sequences - The complete self-reproduction
sequence can now be described.

9. Program Instructions — A computer program can now be written.

10. Logic System — A logic system must be designed to receive the
program instruction including the capability of copying the program
instruction at the end of the self-reproduction phase.

8.6 Demonstration Phase (b)
8.6.1 Objectives:

(a) To demonstrate the replication of a PF in addition to the
replication of a CR (phase (a)) including controls and logic systems over
two generations producing one replica in each generation.

(b) To generate information on the adaptability of the CR to addi-
tional tasks and on the reliability and failure modes of the replication
process and the replicas both in the logic and the mechanical system.

(¢) To introduce the division of activity of the stationary and
mobile part of the CR required to construct the PF.

(d) To achieve operational confidence in the system and to provide
an approach for the addition of a PP.

8.6.2 Approach
Depending on the desired product a set of PR's are defined that
are capable of assembling this product at the desired production rate.

These PR's should have maximum similarity to the CR to minimize the
additional tasks of the CR to assemble PR's.
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(a) Define assembly sequence of PR's. Successive steps of com-
plexity will be devised by defining a series of assembly tasks from sub-
assemblies to individual parts.

(b) Define assembly tools, fixtures, equipment, ete. All auxiliary
assembly aids must be defined and will form a part of the parts delivery.
Define also any assembly sequences of this equipment.

(¢) Develop CR capabilities based on the requirements above.
(d) A parts list can be drawn up now.
(e) Describe the complete CR + PF self-reproduction sequence.

(f) Develop a computer program and the logic systems for the
CR-MCC and the production program.

8.7 Demonstration Phase (c¢)
8.7.1 Objectives:

{a) To demonstrate the minimum closure of a universal parts
production system from feedstock.

(b) To demonstrate an extensive, universal parts production capa-
bility from feedstock under fully automated and controlled conditions.

(¢) To demonstrate parts recognition, programmed parts production
rates, automated sorti:g of parts by subsystems and required subsystems
assembly, and by. SRS systems.

(d) To demonstrate reliability and failure modes of PPR's

(e) To demonstrate the extended CR cepability of assemblying
CR's, PR's, and PPR's and to show the site location and assembly sequen-
cing capabilities of the MCC in conjunction with the MUC.

8.7.2 Approach

Here we have for the first time machining operations performed by
PPR's. We determine the number of types of machine operations that
must be performed to make the parts for the PR's and CR's. Then we
select the PPR's that can perform these machining operations, Now we
check the necessary machine operations to producc the parts of the
PPR's. These may either be identical to the operations required for the
PR's and CR's or may need additional operations not yet covered. This
then requires the addition of PPR's to cover these additional machining
operations. In order to "close" the system as soon as possible the PPR's
shall be designed for maximum commonality of parts. In this phase the
CR's will now have the additional task of assembling PPR's in addition to
PR's and CR replication. Therefore, the CR of this phase could be a new
design with extended capabilities or an extension of the CR in phase (b)
if feasible.
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8.8 Demonstration Phase (d)
8.8.1 Objectives:
(a) To demonstrate an "all-up" SRS.

(b) To demonstrate the material processing from new material to
feedstock for lunar materials or equivalent. As an option terrestrial
materials for potential terrestrial applications can be processed.

(¢c) To demonstrate "closed-loop" materials processing with complete
processing agents recovery.

(d) To demonstrate automated materials analyses and recognition
and automated process adjustments.

(e) To demonstrate the SRS traffic and transport systems (MUC,
PRS).

(f) To demonstrate the growth of the EPA and ES through incre-
mental additions.

8.8.2 Approach

This will be the basis for an "all-up"” system. We determine the
material requirements of all parts of the system (CR, PR, PPR, FPR and
MPR) and compare those with available raw materials. With proper plan-
ning including materials substitutions a match between available materials
and requirements will exist. Parts for which no material exist must be
furnished. The necessary materials processes and feedstock production
phases are now analyzed as to their robot requirements (MPR's and FPR's)
and the robots are defined. Again maximum commonality of parts among
them and the rest of the robots is of utmost importance to achieve a
reasonable and early closure rate at the PPR's, The final CR now requires
an assembly capability of the total system and should be optimized for
this task. This done, another complete parts and machine operations
analysis will determine the final stable of PPR's.
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8.9 Conclusion

1. The initial CR could be rather limited in its capabilities, just
sufficient for self-replication from parts and subassemblies.

2. It is important that each phase has intermediate steps that
lead from basic initial requirements of the first step to the initial require-

ments of the next phase to provide for a gradual and manageable increase
in complexity.

.
H
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. 3. Each element of Table 3 requires a detailed analysis based on a
set of assumptions to be postulated at the outset.

R S T R T

4. The definition of the individual elements of the SRS is a highly
iterative process, e.g. the configuration of an MPR depends on the
A material requirements of parts to be produced by the PPR's; however,
' these parts partially depend on the type of materials to be processed
H which saffects the configuration of the MPR, etc.

Ayt ve
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