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1.1 Introduction

Theory is at the threshold of understanding how to translateself-organizing principles
and processes to human-formed systems. However, practice lags behind theory. This
chapter endeavors to provide inroads into the application of self-organization princi-
ples to one aspect of electronics systems, namely, digital logic.

Digital circuitry proliferated from the early transistor-Transistor Logic (TTL) cir-
cuits of the 1960’s to the now mass markets of computers, mobile phones, T.V.s, and
numerous other consumer products. The fundamental component of digital circuitry
is the logic gate from which complex functions can be derivedand explained with the
use of digital logic. Due to its widespread use and complex application, digital logic is
arguably a good target for applying concepts from self-organizing systems.

The ultimate goal of applying self-organization concepts to digital logic is to de-
vise theory and practice as to how digital logic could be constructed and operated as a
self-organizing system. Our approach has been to devise reconfigurable logic hardware
and an architecture that permits self-organizing processes, and then to begin method-
ically developing self-organization concepts and their translation to practice within
this framework. This work requires changing the way digitallogic is both designed
and built, providing so-calledprimitives, or fundamental behaviors, for self-organizing
systems, along with a way to build upon these primitives to conceive of, compose, and
orchestrate self-organized digital logic.

To achieve an inherently self-organizing infrastructure,a number of departures
from conventional digital logic design are required. Theseinclude:

• reworking how the system is controlled by placing the control within the compo-
nentry of the system itself, that is, if the system is composed entirely of digital
logic, then its digital logic must have the ability to control digital logic, creating a
new class of digital logic that is able to dynamically change, and able to modify
both itself and its neighbors;
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• the need to incorporate this self-inspecting, self-modifying power into systems
without again introducing the hierarchy of controller and controlled, so that they
are both loosely onto each other, or interchangeable; and

• the need to conceive of and develop strategies that build upon these core capabil-
ities to re-conceive system monitoring and control as a distributed process largely
enacted within the confines of the system itself, and composed of many simple,
localized activities with significant autonomy in their ability to decide and act on
local information.

The work described below will further ground this discussion of objectives and
insights with concrete examples as to how these properties are included in the hardware
architecture we are developing, and gives some insight by example as to how these
simple, foundational or underlying processes can be used tocompose digital logic that
is self-organizing and dynamically self-modifying.

As a new approach digital logic design, it is unlikely that wehave developed all
the primitives necessary for every class of problem. We therefore anticipate that as we
apply this work to more classes of problems, the need for other primitives is likely.
We have also not yet developed the full set of useful mid-level behaviors, built from
the primitives, that are likely to be necessary for self-organizing digital logic designs.
However, we report here on the current state of the art and outline areas in which this
work will be further applied.

Several separate aspects of digital logic production may benefit from the applica-
tion of principles of self-organization, both in the structure and function of digital logic
circuits. In the case of an FPGA , a self-organizing process could be used to fabricate
the physical hardware; the primitive functions of the hardware could use and enable
self-organization; and any logical level could do the same for the logical layer above
it by supplying primitives that the upper layers can employ.In this chapter we present
research done on the design of the FPGA and its low level logicbehavior to develop
self-organizing primitives that can be used to structure the logical levels above it, or
can be invoked by those upper logical levels. We view this as foundational work toward
the eventual integration of self-organizing behavior intodigital logic.

A key aspect of design at the hardware architecture and low-level system structure
level is the data path and the control path of the computational architecture. Much of
the discussion below will refer to the systemcontrol. This should be understood to
be all those processes that direct the operation of the overall system, such as those
scheduling activities or processes, synchronizing the actions of disparate processes,
and maintaining the overall system and all subprocesses of it in proper working order.

System maintenance is currently done largely by people rather than processes on
the machine because of the need for physical action in many cases such as the re-
placement of failing memory cards and disk drives. However,in concept, the act of
inspecting the equipment for failure can be integrated intothe design of the processes
that run on the equipment. When systems scale upward to the point that they contain
1017 or more logical devices, there will likely be sufficient incentive to reorganize
hardware inspection as a distributed, localized process aswell, on account of the un-
avoidably high frequency of hardware upsets. Similarly, the process of inspecting the
initial constructed hardware for defects may also become tedious enough that it has
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similar incentive to reorganize hardware inspection as a distributed, localized process
running on the hardware itself.

To invest the low level architecture of digital logic systems with properties of self-
organizing systems, it appears to be critical to change the typical computer control
path into one that is based instead upon strictly local interactions, and to then conceive
of the overall control path as being a complex distributed process that emerges out of
many local control actions. Our work provides this new kind of control path, and we
detail a number of examples of how it is used to recast controlas a highly localized
process, and then describe examples in which we have built upincreasingly complex
systems that are composed out of these small, highly localized processes. Management
of the actions of processes is thus transformed from the typical centralized control of a
manager that is making decisions and controlling the systemoutside the system itself
to distributed management and control.

Self-organization may be an antidote to the fact that the complexity of control-
ling and managing systems has been at least proportional to the size of the system,
the number of components under management. Managing1018 components using tra-
ditional methodology does not appear to be a tenable proposition. A hypothesis that
underlies the work presented here is that approaches to dealwith the complexity of a
very large system likely require at least an equally large system as the manager, and
that it may be preferable that the manager be not separate butintegral with the system
under management, since, for example, the details requiring management decisions
come down to a very large number of small details that may be extremely difficult to
output every nanosecond. Achieving this co-functioning ofmanager and process under
management appears possible with a particular type of infrastructure to the underly-
ing system, one that combines sufficient flexibility with an inherently self-referential
structure that makes introspection and autonomous self-modification feasible. The ar-
chitecture presented here has the necessary properties to test this hypothesis. Section
1.2 will describe a particular system called the Cell Matrix(Macias 1999; Durbeck and
Macias 2001d) that possesses these necessary characteristics.

1.1.1 Background on The Concept of Self-Organization

The concept of self-organization has application to a number of domains. In the domain
of living systems, self-organization is a central theme in many areas (Darwin 1859;
Kauffman 1993). Philosophical considerations date back even further (Haldane 1931;
Lennox 2001). In the domain of artificial systems, many facets of self-organization
have been explored, including autonomous behavior and self-repair (Aspray and Burks
1987).

Approaches to self-organization can be grouped into at least two main categories:
one we will call astatisticalapproach, and the other anengineeredapproach. Statis-
tical approaches seek to manage complexity bydiscoveringalgorithms or techniques.
Such approaches are not necessarily concerned withhow the given task is accom-
plished, only with how well it is presently being accomplished. Examples of statistical
approaches include neural networks (e.g., (Abdi 1994)) andgenetic algorithms (e.g.,
(Koza 1992)). Genetic algorithms have been extensively applied to the development
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of electronic circuits, in a field called Evolvable Hardware(e.g., (Thompson 1996)). It
should be noted that much of this work draws inspiration frombiology (Darwin 1859).

In contrast to statistical approaches, engineered approaches seek to more-delibe-
rately achieve some set of goals by following more of a pre-defined algorithm. Inter-
estingly, many engineered approaches also draw inspiration from biology, including
the Electronic Embryology (Embryonics) work of LSL (Prodanet al. 2003; Ortega-
Sanchez et al. 2000), and the Supercell work of Cell Matrix Corporation (Macias and
Durbeck 2004). The discussion in this chapter falls into thedomain of the engineered
approach.

1.1.2 Chapter Organization

The remainder of this chapter is organized as follows: Section 1.2 will describe in detail
a particular target processing architecture called the Cell Matrix, which possesses an
inherently self-organizing infrastructure; Section 1.3 will describe simple examples
of self-modifying circuitry on the Cell Matrix, which will form the building blocks
for larger-scale self-organizing systems; Section 1.4 will discuss such larger systems;
and Section 1.6 will conclude with discussions of implementation details, including
manufacturing and CAD issues related to the Cell Matrix.

1.2 Target Platform: The Cell Matrix

This chapter discuses the distributed management and control of electronic circuitry
implemented on a specific reconfigurable platform called theCell Matrix (Macias
1999; Durbeck and Macias 2001d). While there are a number of commercially-
available reconfigurable devices (Field Programmable Gate Arrays, or FPGAs), in-
cluding many from Xilinx, Inc., most available devices are essentially externally-
controlled, i.e., they require intervention from an outside system (e.g., a PC) in order to
be configured or re-configured (Xilinx, Inc. 2006). Moreover, even among devices that
can hold several simultaneous configurations (Trimberger 1998), those configurations
are generally pre-created, externally, again using a PC or other extra-FPGA system. In
contrast, the Cell Matrix is fundamentally aninternally-configured device: the config-
uration of each cell is written–and read–by those cells connected to it, its immediate
adjacent neighbors . Only cells situated on the perimeter ofthe matrix (which are thus
missing one or more neighbors) are accessible from outside the system. This is funda-
mentally different from most other devices, where typically everycell can be accessed
from outside the system by simply sending a long configuration string throughout the
device.

While it may seem unusual, and perhaps disadvantageous, to have such limited ac-
cess to cells from outside the system, this is in fact a critical characteristic of the Cell
Matrix, and is directly linked to its ability to implement autonomous, self-organizing
circuitry. Having local-only cell control also allows the system to scale , without spe-
cific regard for scaling the control structures.
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Fig. 1.1.5× 5 Collection of Two-Dimensional, Four-Sided Cell Matrix Cells

1.2.1 Basic Cell Structure

A Cell Matrix is a regularly-tiled collection of simple reconfigurable elements called
cells. These cells are arranged in a fixed, identical topology throughout the matrix, and
that topology defines a notion of a cell’sneighbors: the neighbors of a cell “X” are
all those cells that are immediately connected to X. Each cell receives a single input
bit (called its “D Input”) from each of its neighbors, and generates a single output bit
(its “D Output”) to each of those neighbors. Figure 1.1 showsa two-dimensional col-
lection of four-sided cells. In this topology, each cell hasfour immediate neighbors.
We will mainly be discussing two-dimensional, four-sided cells in this chapter. How-
ever, (useful) two-dimensional cells can have as few as three sides, or may have more
than four, though four is the most typical number. Cells can also be three-dimensional,
having as few as four sides, but more typically six. Higher-dimensional cells are also
possible, though anything higher than three dimensions ceases to be (architecturally)
infinitely-scalable because there is no way to organize the cells topologically that puts
all neighbors a finite, very small distance from each other.

1.2.2 Cell Structure

Each cell contains a small memory which stores atruth table. The truth table maps
input combinations to outputs: given the set of incoming bits from all of a cell’s neigh-
bors, the cell’s outputs are precisely determined by the information in the cell’s truth
table. This mechanism allows a single cell to implement simple combinatorial func-
tions, such as basic logic gates, single-bit adders or multiplexers. Cells can also act as
simple wire: a block for passing data from one side of itself to another — or, viewed
differently, a block for allowing two non-adjacent cells toshare data with each other.
Implementing wires is a major use of cells.
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1.2.3 Cell Configuration

The act of loading truth table information into a cell is called cell configurationor
“configuring a cell.” Similarly, the act of loading truth table information into a number
of cells is called “Configuring the Cell Matrix.” While single-cell circuits are necessar-
ily extremely simplistic, configuring a group of cells appropriately leads to multi-cell
circuits, which can be arbitrarily complex. Because singlecells can implement any
fixed input-to-output mapping, and cells can be interconnected via intervening cells,
any circuitry that can be implemented using traditional digital circuit design can also
be implemented on a Cell Matrix.

Figure 1.2 shows a more-detailed view of a single cell. As canbe seen, each side
has two input lines and two output lines, which connect it to each of its immediately-
adjacent neighbors. One line is labeled “D” and the other “C.” The D inputs are used
to select information from the cell’s truth table, and the D outputs are set based on the
truth table’s values, as described above.But this is the case only if all the C inputs are
0.

D
C
D
C

D
C
D

C


D C D C

D C D C

Truth

Table

Fig. 1.2.Four-Sided Cell Matrix Cells. Each neighboring cell reads and writes two bits (D and
C). C inputs determine themodeof the cell. D inputs either select C and D output values from
the Truth Table (in D mode) or supply new values for the Truth Table (in C mode).

When all C inputs are 0, the cell is said to be in “D” mode. If, however, any C
inputs are set to 1, then the cell is in “C” mode. C mode is the configuration mode of
a cell: it is the mode in which a cell’s truth table can be modified. In C mode, a cell’s
truth table can also be examined. A cell that is asserting oneof its own C outputs, and
is thus asserting a neighboring cell’s C input, is able to read and write that neighboring
cell’s truth table. Note that if more than one C input is set to1, then the cell’s truth table
is sent to multiple neighbors, and its new truth table is determined by a combination
(logical ORing) of its neighbors outputs.

This C-mode operation is like theunit measureof self-organization for the entire
architecture; using it, cells are configured by a neighboring cell. The extreme locality
of this operation makes the entire architecture fine-grained in its reconfigurability, and
makes configuration a distributed, local process.

Cell configuration is the only inherently clocked operationin the Cell Matrix: a
single system-wide clock is used to serially shift out the current contents of a cell’s
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truth table, and to serially shift in new truth table bits. These bits are read-from and
written-to the D output and input lines, respectively, on the same side on which the
cell’s C input is asserted (called theactive side). Figure 1.3 shows an example of
adjacent-cell interactions in D and C modes. In Figure 1.3.a, Cell Y is in D mode,
since all of its C inputs are 0. It thus uses its four D inputs toselect a single row in
the16 × 8 truth table memory, and sends the selected eight output values to its eight
outputs (four C and four D).

In Figure 1.3.b, one of Cell Y’s C input is asserted (the one supplied by Cell X).
This places Cell Y into C mode, the mode in which its truth table is read and written.
Each time the system-wide clock ticks, the D input supplied by Cell X is loaded into
Cell Y’s truth table, at a position that changes with each tick (in Figure 3b, the bit in
the third row, second column is being written). Additionally, the previous value stored
in that location is made available on the D output to Cell X. All other D outputs from
Cell Y are forced to 0, as areall of Cell Y’s C outputs (so that a cell being configured
cannot itself simultaneously configure another cell). By convention, if two or more of a
cell’s C inputs are asserted, the bit value loaded into the cell’s truth table is the logical
OR of the D inputs on all active sides.

Using this simple interaction scheme, it is possible for anycell to read and write
any neighboring cell’s truth table. Since cells along the edge of the matrix have some
of their inputs and outputs unconnected, as shown in Figure 1.4, those edge cells can
be configured from outside the matrix, if their C and D inputs (and, perhaps, outputs)
are made available. In Figure 1.4, all edge cells have their inputs and outputs accessible
from the edge of the matrix on at least one cell side (corner cells are accessible from
two sides).

Figures 1.5-1.7 show the full details of a cell configurationoperation: Figure 1.5
shows a single cell configured as a NOR gate; Figure 1.6 shows the cell’s correspond-
ing truth table; and Figure 1.7 shows a timing diagram for configuring the cell. The
cell is first placed into C mode by raising one of its C inputs. As soon as the cell enters
C mode, the current value of the cell’s first truth table bit issent to the corresponding
D output (not shown in the figure). On the next rising edge of the system clock, the D
input is sampled and latched. On the next falling edge, the latched value is loaded into
the truth table, and the current truth table’s next bit is sent to the D output. Note that
this timing makes the truth table’s current bit values available on the D output half a
cycle before the new bit value must be presented to the D input. This makes it simple to
read a truth table bit and then re-write the same bit, thus performing a non-destructive
read.

Before the4th clock tick, the D input is raised. This “1” value is latched/loaded
into the cell’s truth table on the next rising/falling edge of the system clock. Similarly,
a “1” is loaded during the12th cycle following the cell’s entry into C mode. All other
incoming bit values are 0.

A few cycles later, the cell’s C input is set to 0, and the cell returns to D mode.
Assuming its truth table initially contained all 0s, its truth table is now as shown in
Figure 1.6.
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Fig. 1.3. The Two Mode of Cell Operation. In (a), cell Y is in D Mode (all Cinputs are 0).
Its four incoming D values are used to select 8 output values from its truth table. Those output
values are sent to the cell’s 8 output lines (4 C lines and 4 D lines). In (b), cell X is asserting a 1
to one of cell Y’s C inputs, and thus cell Y is in C-mode. In thismode, the D input from Cell X
supplies new values for Cell Y’s truth table. Each time the system clock ticks, a new incoming
bit value is sampled, and loaded into Cell Y’s truth table. Cell Y’s current truth table bits are
simultaneously sent out the D output to cell X. In the figure above, the second bit in the third
row of the truth table is being read and written by Cell X. All of Cell Y’s other outputs (C and
D) are forced to 0.
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Cell Matrix Boundary

Fig. 1.4.7 × 7 Cell Matrix. Edge cells have their D and C inputs and outputs accessible from
outside the matrix. Corner cells have I/O accessible on two of their sides.

NOR

DN DN

DS

DW

Fig. 1.5.Single Cell Implementing a Three-Input NOR Gate.

1.2.4 Self-Configuration

Because cells are able to read and write other cells’ truth tables, the Cell Matrix can
be configured frominside the Cell Matrix itself. This makes the Cell Matrix aself-
configurablesystem, i.e., circuits can be constructed that read and write cell config-
urations, and thus can analyze and change circuitry within the matrix. Circuitry con-
structed on the Cell Matrix can process data that representslogical values, characters,
integers, floating point numbers, or any sort of data structure. But additionally, cir-
cuitry constructed on the Cell Matrix can also process a unique type of data: circuit
configuration information. And because the mapping betweencircuit configuration
and circuit behavior is very straightforward, one can construct circuits that effectively
process other circuits.
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   INPUTS             OUTPUTS
DN DS DW DE   CN CS CW CE DN DS DW DE
 0  0  0  0    0  0  0  0  1  0  0  0
 0  0  0  1    0  0  0  0  1  0  0  0
 0  0  1  0    0  0  0  0  0  0  0  0
 0  0  1  1    0  0  0  0  0  0  0  0
 0  1  0  0    0  0  0  0  0  0  0  0
 0  1  0  1    0  0  0  0  0  0  0  0
 0  1  1  0    0  0  0  0  0  0  0  0
 0  1  1  1    0  0  0  0  0  0  0  0
 1  0  0  0    0  0  0  0  0  0  0  0
 1  0  0  1    0  0  0  0  0  0  0  0
 1  0  1  0    0  0  0  0  0  0  0  0
 1  0  1  1    0  0  0  0  0  0  0  0
 1  1  0  0    0  0  0  0  0  0  0  0
 1  1  0  1    0  0  0  0  0  0  0  0
 1  1  1  0    0  0  0  0  0  0  0  0
 1  1  1  1    0  0  0  0  0  0  0  0

Fig. 1.6.Truth Table Corresponding to Fig. 1.5

SYSTEM

CLOCK

D INPUT

C INPUT

Cell enters

C mode:


First truth table bit

is sent to D output Cell Returns


to D mode

New first truth table bit

is sampled and latched

Second truth table bit

is sent to D output

Fourth truth table bit ("1") is

loaded into cell's truth table

Twelfth truth table bit ("1") is

loaded into cell's truth table

Fig. 1.7. Truth Table Programming Sequence. After cell is placed intoC mode, a “1” bit is
loaded on the4th and12th ticks of the system clock. The cell is returned to D mode two ticks
later. This loads 14 bits into the cell’s Truth Table: 0001 0000 0001 00.

Moreover, there is no hardware-level or architectural difference between a cell that
is being configured and the one that is configuring it. Figure 1.8 shows some of the
possibilities resulting from this fact. In Figure 1.8.a, Cell X, Cell Y and Cell Z are all
in D mode, since their C inputs are all 0 (all inputs are assumed to be 0 unless shown
otherwise). Each cell is simply receiving D inputs, using them to address their internal
truth table, and producing D and C outputs accordingly.

In Figure 1.8.b, Cell X is asserting a 1 on its C output to Cell Y. This places Cell
Y into C mode. In this mode, Cell Y’s truth table is being configured by Cell X, by
sampling the D outputs sent from Cell X to Cell Y.
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Fig. 1.8. Interaction of Cells’ Modes. In (a), all three cells are in D Mode: each cell is reading
inputs and producing outputs based on its current truth table contents and its D inputs. In (b), an
input change (not shown) in cell X’s D inputs has caused cell Xto assert its C output to cell Y.
Cell X has thus placed cell Y into C mode, and cell Y’s truth table is now being configured. In
(c), cell X is again outputting a 0 on its C output to cell Y. Cell Y has thus been returned to D
mode. Based on cell Y’s new truth table, cell Y is now asserting its C output to cell Z, and has
thus placed cell Z into C mode. Cell Z is now being configured bycell Y.
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In Figure 1.8.c, cell X has returned its C output to 0, and thusCell Y returns to D
mode. Cell Y is thus asserting its outputs based on the (new) contents of its truth table.
In this example, the truth table indicates that Cell Y’s C output to Cell Z is to be set to
1. This places Cell Z into C-mode, and Cell Y is now configuringCell Z.

This example illustrates a very typical case: Cell Y was previously configured by
a neighbor, but it is now itself configuring another neighbor. Within the Cell Matrix,
there is a perfect interchangeability between subjects andobjects of configuration op-
erations. This is the essence of self-configuration and self-modification within the Cell
Matrix.

1.2.5 Implications

There are a number of immediate implications arising from the architecture described
above. The Cell Matrixarchitecture is infinitely scalable. Because only power and
a single clock line are distributed throughout the matrix, there is no architectural im-
pediment to scaling a matrix to whatever size is desired. Putanother way (and, again,
assuming a fixed dimensionality and interconnection topology), all sub-matrices of a
given size are identical to each other, no matter what matrixthey are embedded in: the
structure of the cells and their interconnections is independent of the larger matrix to
which they belong.

This means that two matrices can be combined into a large matrix simply by con-
necting the matrices to each other along an edge, i.e., connecting one matrix’s edge
cells’ input to the other’s edge cells’ outputs, and vice versa. The architecture scales
up without change (though of course the maximum possible latency increases). This
also has interesting manufacturing implications (see Section 1.6).

Because configuration of cells is essentially a local operation, there is no such thing
asruntime vs. configuration timefor the matrix at large, no need to discussrun-time
reconfiguration: the matrix isalwaysrunning, and part of its running operation may
include reconfiguration operations. Moreover,partial configuration(Schmit 1997) is
the only type of configuration ever performed, since any single configuration operation
affects only the neighbors of the cell being configured.

The Cell Matrix is completely homogeneous in structure. Cells are differentiated
by their configuration information (truth table contents),but, at the underlying hard-
ware level, all cells are identical to each other, just as aretheir interconnections to
other cells. This has tremendously beneficial manufacturing implications. It also has
positive implications for circuit reliability, since no piece of the matrix (or the circuits
implemented on top of the matrix) is unique or irreplaceable.

Because of the capacity for self-modification in the Cell Matrix, high-level config-
uration mechanisms can be designed, tailored to the specifics of the target circuit, and
then constructed out of cells. Moreover, the construction of the configuration mecha-
nismcan itself be constructedby using a previously-created configuration mechanism.
In this way, configuring the Cell Matrix may closely resemblea traditionalbootstrap
process, wherein a simple circuit is first built using the limited control available from
the edge of the matrix. This simple circuit is then used to configure a more complex
circuit, which is then used to configure a more complex circuit, and so on, building
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more and more complex circuits until the desired configuration has been achieved.
Also, note that while a single set of commands may be used repeatedly to configure
multiple Cell Matrix regions, it is still possible to introducedifferentiation, including
randomness, into the configured circuits.

Finally, because cells are configured by neighboring cells,it is possible for multiple
cells to be configured simultaneously, either with the same configuration as each other,
or with completely different configurations.

1.2.6 Status

The Cell Matrix architecture has been fully documented (Cell Matrix Corporation
2006a,b; Macias et al. 1999; Durbeck and Macias 2001c; Macias and Raju 2001).
A variety of simulators and debuggers have been developed, as have various tools for
developing circuitry on the matrix. Prototype tools for converting from abstract netlists
to Cell Matrix configuration information have been developed (Macias 2006).

A number of fairly traditional circuits have been implemented on top of the Cell
Matrix, including state machines, arithmetic units, memories, floating point proces-
sors, and cellular automata simulators. Section 1.4 will describe some of the less-
traditional circuits that have been implemented, including circuits that utilize self-
configuration.

Also, while the high-level behavior of the Cell Matrix is well-defined, there are
multiple possible implementations of the Cell Matrix. For example, the original imple-
mentation (Macias et al. 1999) utilized a shift register foreach cell’s truth table. While
this simplifies the design of each cell, it means that the entire truth table changes dur-
ing a configuration operation. Later work produced a slightly more complicated cell
implementation that utilizes a non-shifting memory that takes up a much smaller fabri-
cation area (Durbeck and Macias 2001c). A further-modified cell incorporates bypass
logic, to detect when a cell is acting as a wire and directly connect an input to an out-
put, greatly improving signal transmission rates when cells are used as wires (Macias
and Raju 2001).

1.3 Building Blocks of Self-Configuring Circuitry

This section will describe some of theprimitives of self-configuration for the Cell
Matrix, or the basic building blocks and techniques relatedto the implementation of
self-configuring circuitry on the Cell Matrix. Section 1.4 will describe higher-level
circuitry constructed from these blocks.

1.3.1 Cell-replication

Figure 1.9 shows a simple cell-replication circuit that copies the truth table of the
source cell into the target cell. The cell in the middle is thecontroller of the configu-
ration operation. The cell to be replicated (called thesource cell) is on the right. The
target cell, which will become a copy of the source cell, is on the left. When a 1 is sent
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into the Northern D input of the controller, it asserts its C outputs on the left and right,
thus placing the source and target cells into C mode. Each cell then begins outputting
current truth table bits on one of its D outputs (on the side whereCin is asserted), as
well as receiving new truth table bits on the same side’s D input. The controller reads
bits from the source cell, and sends them back into the sourcecell, thus rewriting the
source cell’s truth table while it is being read. Additionally, the controller sends the
source cell’s truth table bits into the target cell’s D input, thus configuring the target
cell’s truth table as an exact copy of the source cell. After asufficient number of clock
ticks of the system clock (128 for four-sided cells, i.e., enough ticks to sample and
write each of the truth table bits for a16 × 8 truth table), the target cell’s truth table
will match the source cell’s, and thus the target cell will behave exactly the same as
the source cell: the source cell has effectively been replicated by the controller.

D

C

D

C

D

C

D

C

D C D C

D C D C

D

C

D

C

D C D C

D C D(1) C

Target Controller

D

C

D

C

D C D C

D C D C

Source




Source Bits

are


Recirculated

Here

Cell Behavior

is Often


Shown using a

Graphical


Representation

of its Truth Table

Fig. 1.9.Single-Cell Replicator. When a 1 is sent into the Controller’s Northern D input, it places
and Source and Target Cells into C mode, reads truth table bits from the Source, copies them
back to the Source, and also copies them to the Target. After 128 ticks of the system clock, the
Target will be an exact copy of the source. Because the SourceCell’s truth table bits are loaded
back into the Source Cell’s D input, the Source Cell’s truth table is left unchanged by this circuit.
This is thus a non-destructive read.

1.3.2 Remote Cell Replication

Figure 1.10 shows a circuit that is similar to Figure 1.9, except that the source and
target cells are not adjacent to the controller. Instead, the source and target are now
some distance away from the controller, and cells located inbetween them are used to
transmit C and D information between the controller and the source and target cells.
The controller works the same as in Figure 1.9, except that itcannot directly control
the mode (C or D) of the source and target cells. This makes thecircuit in Figure
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1.10 somewhat limited in its usefulness. A more useful approach involves the use of
multi-channel wires.
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Fig. 1.10.Remote Cell Replicator. The Source and Target cells are in C-mode. The Source cell’s
truth table bits are read by the Controller, sent back to the Source cell, and also copied to the
Target cell. Note that the Controller no longer directly controls the mode of the Source and
Target cells.

1.3.3 Multi-Channel Wires

To control a cell, it is generally necessary and sufficient tocontrol the C input, D input
and D output on one of the cell’s sides. The circuit shown in Figure 1.11 is an example
of a structure for controlling non-adjacent cells, by utilizing two lines of intervening
cells. Such a structure is called amulti-channel wire. In this circuit, the controller sends
information along two lines of cells (each called achannel).
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Fig. 1.11.Simple Multi-Channel Wire. The Controller sends new truth table bits into the Target
via its own Eastern data output. Additionally, the Controller can now control the mode of the
Target via its own Southern data output. This is a significantimprovement over the circuit shown
in Figure 1.10.

The bottom channel (called the “C Channel”) controls the C input on the source
and target cells, while the top channel (called the “D Channel”) access the D input and
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output on the source and target cells. Note that these lines are logical wires, or soft
wires, rather than hard, physical wires: they are created bysetting the truth tables of
the cells to pass their input directly to their output. This primitive gives the controller
more or less complete control over the source and target cells: the ability to place them
in C mode, read and write their truth tables, and then return them to D mode.

There are other types of multi-channel wires, but they all have the same basic char-
acteristic: they allow a set of cells to interact with one or more non-adjacent cells. By
using the right types of multi-channel wires, a set of controller cells can thus configure
cells that are not adjacent and not directly connected to itself.

While it is evident from this example that wires allow accessto non-adjacent cells,
it would appear that they only allow access to the cell adjacent to the end of the wire.
This is not the case, however. If the target cell is treated asitself being a controller,
then it is possible to access cells that are near, but not adjacent to the end of the wire.
For example, if the target cell (call itX) is configured as shown in Figure 1.3.3, then
data subsequently transmitted to cellX will, in fact, be used to configure the cellbelow
cell X: the cell shown in Figure 12 effectively moves the location of the wire’s target
cell.

Therefore, even though a wire can directly control only the cell adjacent to its end,
it can indirectlycontrol non-adjacent cells using intermediate cells such as that shown
in Figure 12.

D

D C

1

Fig. 1.12.A target cell which can be used to configure a cellneara wire’s target cell.

Repeated application of this technique could, in theory, beused to gain control over
a cell locatedanywherewithin the matrix. However, this technique is limited in its
usefulness, since accessing cells “n” locations away requires on the order of2n steps.
Thus, wires’ only practical use during configuration is to manipulate cellsnear their
end. This would be a severe limitation of the Cell Matrix’s nearest neighbor topology,
if not for the concept ofwire building.

1.3.4 Wire Building

Special kinds of wire building permit a cell to access any cells within a Cell Matrix.
While wires can only be used to control cells adjacent to their ends,those wires them-
selves are built out of cells. In fact, it is possible to design a wire that allows cells
at its end to be configured in order to make a new piece of the wire, i.e., to extend
the wire. Beginning with a short wire, cells at its end can be configured to make the
wire one cell longer. That longer wire can be used to configurethe cells at the new
end, thus making the wire another cell longer, and so on. Thisprocess can be repeated
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indefinitely (as long as there are cells available), thus allowing a set of controller cells
to access cells arbitrarily far away. Moreover, it is possible to create wires that have
turns, and again these turns can be created by the controller. This means a set of cells
can, in fact, access any cells within the matrix, through theuse of proper wire-building
techniques. Note that this permits remote control of cells,even though the underlying
primitives used are all strictly neighbor to neighbor. Remote control permits external
control of the system, but it also permits the smallest unit of a complex system to be
multi-celled to an arbitrary size, which is convenient for most applications, including
most work in self-organizing systems. In Section 1.4 we describe an application that
uses a Supercell as its unit, which contains270× 270 cells.

Figures 1.13 shows a sample two-channel wire that isextendible. As in the wire of
Figure 1.11, the upper channel transmits a D signal, and the lower channel transmits
a C signal. The cell labeled “*” is again called the target cell, and as in Figure 1.3.3,
both Cell (*) and Cell (**) can be easily configured. However,unlike the two-channel
wire shown in Figure 1.11,all of the D channel cells are identical, andall of the
C channel cells are identical. This is accomplished through the use of a feedback
signal: each cell within the D channel asserts a 1 to its south, which the corresponding
C channel cell transmits to the previous cell of the C channel. Therefore, the end of
the wire is identified not by a differently-configured cell, but rather by the lack of this
feedback signal. Thus, by simply creating a new pair of D Channel and C Channel
cells at the end of the wire, the wire is effectively extended, i.e., the location of the
target cell is shifted one cell to the right.
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Fig. 1.13.Two Channel Extendible Wire. The D Channel transmits configuration information
for the Target Cell. The C Channel controls the mode of the Target Cell. The Feedback Signal
is used for autonomous determination of the location of the wire’s end. If Cells (*) and (**) are
configured as new channel pieces, then the wire will automatically be extended.

This is the essence of wire building. While different sequences are needed for dif-
ferent types of extensions (such as turns) and for differenttypes of wires (such as 3
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channel wires), the basic mechanism is the same as in Figure 1.13. These mechanisms
are described in more detail elsewhere (Macias 2001).

Multi-channel wires and associated wire-building techniques can be used to access
cells anywhere within the matrix. This raises the question,“What does one do with
such access?” There are many answers to this, and in the remainder of this section, a
few general examples will be presented. Section 1.4 will discuss more-specific exam-
ples.

1.3.5 Cell Testing

Given access to the C input and D inputs and outputs of a targetcell, it is possible to
perform a variety of tests on the target cell, to ascertain its health, i.e., to determine if it
is operating as expected. For example, the cell’s truth table can be loaded with 0’s, and
then the D output examined while the D input is toggled between 0 and 1. This would
detect shorts between input and output, as well as detectingstuck-at-one faults inside
the truth table memory, or along the D input or D output paths.A second example is
that a set of certain bit patterns can be loaded into the cell,and then read back out and
compared to the loaded pattern: different alternating bit patterns can be used to detect
shorts within the truth table memory, based on the physical layout of the memory
within the cell. This fault testing work was developed and successfully conducted on
defective hardware for the Cell Matrix architecture using the above-described multi-
channel wire building to reach each cell (Durbeck and Macias2002).

1.3.6 Circuit Building

The question of how tobootstrapa Cell Matrix remains, that is, with no direct access to
the vast majority of cells within the Cell Matrix, how can a Matrix be populated with
the desired set of truth tables, particularly given that theMatrix is always running,
and thus, truth tables are in use from the moment they are in place. However, all the
necessary building blocks have already been presented. Figures 1.14.a-1.14.f show a
sample bootstrap sequence. Note that this is not the only possible way to bootstrap a
region of the Cell Matrix. It is a pedagogically interestingexample because it is one of
the simplest and most straightforward, but it is not used in typical practice, because it
is one of the slowest ways to configure a region of cells.

In Figure 1.14.a, a two-channel wire is built from West to East, extending just one
column of cells shy of the Easternmost corner of the region ofinterest. The target cell
in the corner of the region is then configured.

In Figure 1.14.b, the wire has made a corner, and is extended one step to the South.
This extended wire is then used to configure the next target cell (*).

The wire is then extended South another step, and a third target cell is configured to
the East, as shown in Figure 1.14.c. This process continues,until, as in Figure 1.14.d,
an entire column of target cells has been configured, along the Easternmost edge of the
region of interest.

In Figure 1.14.e, the wire has beenbroken, i.e., the end of the wire is returned to
the original entry location into the region of interest. Thewire is again extended to the
East, but stops one cell earlier.
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Fig. 1.14.Configuration of a Region. In (a), a two-channel wire is builtinto the region of interest,
and is used to configure cell (*). In (b), the wire has been extended with a corner, and the next
target cell is configured. In (c), the wire is extended further to the South, and a third target cell is
configured. In (d), the Easternmost column has been completed. (e), shows the beginning of the
second column’s configuration: the wire has been broken and re-built, but ends one cell shy of
the previous extension. In (f), the second column has been completely configured. This process
is repeated until the entire region has been configured.

The wire then turns a corner, and the above steps (configure/extend) are repeated,
configuring a second column of cells, as shown in Figure 1.14.f.

The above steps are repeated, until the entire region of interest has been config-
ured. Note that this technique cannot be used exactly as described for configuring the
Westernmost columns, since the wires themselves have a width to them. The easiest
way to address this is to avoid this edge case by imagining that the region of interest
as being one wire width wider than it really is, and leaving the Westernmost columns
(which are not actually of interest) unconfigured.

There are numerous enhancements to this basic scheme, including techniques to
avoid completely rebuilding the West-to-East wire after each column pass. Parallel
configuration is also feasible, and will be discussed brieflyin Section 1.4. Also, note
that the configuration of cells that assert their C outputs requires special consideration,
since such outputs could interfere with the configuration ofthe wires that are being
used to configure the region’s cells.

1.3.7 Circuit Reading

Using circuits and sequences similar to the bootstrap method described above, it is
possible to non-destructively read a set of cell configurations from a region of the
matrix. The technique is similar to bootstrapping, but utilizes areversiblewire, i.e.,
one that can not only be extended a single step, but can also beshorteneda single step.
The basic technique is shown in Figures 1.15.a-1.15.f. For simplicity, this illustrates
the reading of a single (one-dimensional) line of cells only. Note that implementation
of a reversible wire requires three channels.
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Fig. 1.15.Non-Destructive Read of a Region of Cells. In (a), a three-channel wire has been built
to the edge of a region to be read. A first cell is read, and its configuration is stored in the FIFO.
In (b), that first cell is used to read a second cell, which is also stored in the FIFO. In (c), a third
cell is read and stored, after which the wire will be extendedone step. In (d), the entire region
has been read, stored and overwritten with the wire itself. In (e), the wire is reversed (backed up
one step), and in (g) the Easternmost cells have been restored form the FIFO.

In Figure 1.15.a, the wire has been built to the East, to the beginning of a set of cells
whose contents are to be read. The cell directly ahead of the wire (i.e., to the East of
the D channel) is read, and its truth table configuration is stored in a temporary repos-
itory (a FIFO). That cell is then configured to allow reading of the cells to the North
and South of it, with those cells’ configurations also being stored in the temporary
repository. This is shown in Figures 1.15.b and 1.15.c, respectively.

The three-channel wire is then extended, and the process repeated. In Figure 1.15.d,
the wire has extended all the way to the East. Again, edge cases need to be considered,
but can be neglected by imagining the region of interest to belarger than it actually is.
At this point, all of the cells occupied by the wire have been reconfigured from their
initial configuration (in order to implement the extended wire), but their initial con-
figurations have been read (and presumably processed by somecircuitry outside that
shown in these figures). Also,those configurations have been stored in a temporary
storage location(which can be as simple as a set of cells arranged in a two-way shift
register, i.e., a FIFO).

In Figure 1.15.e, the wire is reversed a single step (using the third channel), and
in Figure 1.15.f, the previously-stored configurations arerestored to the cells near the
end of the wire. These two steps are repeated, until the entire row has been restored.
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For a two-dimensional region, another pass would be made to the south of the
original West-East wire, thus reading the next three rows ofcells. At the conclusion of
this, the cells within some region of interest will all have their initial configurations,
but a copy of those configurations will have been sent by this circuit to some other
circuitry that will perform analysis, make a new copy, vote on truth table contents
among multiple copies, or conduct some other function.

Note, however, that while the above technique will read the configuration of cells
without (permanently) changing them, it doesnot read the state of cells, i.e., the values
of their inputs and outputs, and similarly does not preservetheir state. State reading
and preservation would require additional circuitry builtinto the circuit itself, since
changing the configuration of a single cell can, in general, alter the state of the entire
circuit.

These are a few detailed examples of techniques related to self-configuring cir-
cuitry. They form a base of primitives or building blocks that are composed to create
more complex functions and circuits. The next section will describe larger-scale ap-
plications of these techniques to the implementation of circuits that exhibit distributed
management and control.

1.4 Distributed Management and Control in the Cell Matrix

There are a number of examples of how the Cell Matrix can be used to manage various
tasks related to its own operation and maintenance. While non-Cell Matrix systems
could be designed specifically to implement any of these examples, the advantage of
the Cell Matrix architecture is thatit supportsall of them: the Cell Matrix architecture
does not have to be modified in any way in order to implement these systems.

1.4.1 Hardware Error Checking

The wire building and cell testing techniques described above can be used to test in-
dividual cells within the matrix, to ascertain their properfunctioning. Moreover, since
all that is required to perform these tests are basic logic circuits and simple state ma-
chines, these tests can be performed by circuitry within thematrix itself. This offers a
number of interesting opportunities.

For example, once a small initial set of cells is known (say, via conventional vali-
dation techniques) to be functioning properly, and a state machine is built to perform
subsequent cell tests, cells can be tested, verified, and then used to build longer wires,
allowing testing of more-remote cells. Other than the initialization issue, this elimi-
nates the question of “what if the test circuit itself is defective?” since only known-
good cells will be used in extending the test circuitry (Macias and Durbeck 2004;
Durbeck and Macias 2002; Macias and Durbeck 2002).

By running multiple test circuits, cross-checking can be performed among multi-
ple testers. Basic N-way redundancy could be used to verify the initial circuitry, after
which a single copy would suffice (as far as manufacturing defects are concerned:
transient errors are a different consideration).
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This approach also allows parallel testing to be performed.Again, starting from
a single test circuit, multiple testers can be configured from known-good cells, and
these testers can operate in parallel to test multiple regions simultaneously, and then
construct more parallel testers. This can reduce test time to O(n1/2) for n cells in a
two-dimensional matrix, andO(n1/3) in a three-dimensional one (Durbeck and Ma-
cias 2001d; Macias and Durbeck 2002, 2004).

Test results can be stored in something similar to a “bad block” list (Duncan 1989),
and this list used in subsequent configuration operations. If a place-and-route algorithm
were implemented directly on the Cell Matrix hardware, it would simply note these
defective cells as being unavailable for placement or routing, and would thereby avoid
them in creating compiled circuits.

For handling run-time defects such as single event burnout (Waskiewicz et al. 1986)
or single event gate rupture (Fischer 1987), these tests could be performed periodically.
Multiple copies of circuitry can be maintained, with copiestaken offline individually,
their underlying cells re-tested, and their configuration adjusted as needed to avoid
newly-defective cells.

1.4.2 Autonomous Fault Handling Through Autonomous Circuit Building

We have devised a methodology for implementing a desired target circuit on top of
the Cell Matrix in a way that allows that system to configure itself in order to avoid
defective regions of the matrix (Macias and Durbeck 2004, 2002; Durbeck and Ma-
cias 2001a,b). If new defective regions are later found or suspected to be present (for
example, because some sort of built-in self test has failed), the system can be given a
single “REBUILD” command, and it will locate, isolate and avoid all defective regions,
while re-implementing itself using only good cells. The goal was to have these oper-
ations performed by the system itself, with a minimal amountof external intervention
required. This work combines the above techniques of hardware error checking with
some bio-inspired concepts in self-organization (Mange etal. 2000).

This approach utilizes the concept of aSupercell. This is a general term for a col-
lection of contiguous Cell Matrix cells configured to perform a variety of functions
while still retaining the underlying self-configurabilityof individual cells. In our self-
repairing circuit building work (Macias and Durbeck 2002, 2004) the Supercell first
performs a number ofinitialization functions, including:

• testing a region of the matrix for defective Cell Matrix cells;
• configuration of new Supercells on known-good regions;
• activation of isolation circuitry within good Supercells,in order to prevent any

interference from bad Supercells; and
• sharing of configuration information among a network of Supercells in order to

configure new Supercells in multiple regions in parallel.

The purpose of the initialization stage is to tile a region ofthe Cell Matrix with
known-good Supercells, while isolating defective cells. Note that this part of the sys-
tem’s operation requires a set of configuration strings to besent into the empty matrix.
These configuration strings depend on the high-level circuit to be implemented, but are
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completely independent of the location of any defects in theMatrix (since the location
of such defects is assumed to be unknown). All subsequent steps are performed by the
collection of Supercells themselves, without any further external intervention.

Following initialization, the system enters adifferentiationphase. In this phase,
Supercells assign themselves unique integer IDs, so that they can be differentiated
from each other. Without such an assignment, all Supercellsare identical to each other.
This assignment is accomplished through the collective operation of the entire set of
Supercells. Differentiation changes the contents of two IDregisters contained within
each Supercell:

• one ID contains a position-dependent integer, which is simple to assign (by incre-
menting an incoming neighbor’s ID and passing that to other neighbors), but the
set of assigned integers is not necessarily contiguous; and

• a second ID that is position-independent, and whose collection is guaranteed to
form a set of contiguous integers.

When the initial configuration strings are developed, an abstract representation
(called the “genome”) of the final target circuit is coded inside the strings. The genome
is simply a netlist, specifying the components of the final circuit, along with their
input-to-output interconnections. What isnot specified is the particular locations of
those components in the matrix, nor the paths that will be used for their interconnec-
tions (since doing so would require knowledge of the locations of defective Cell Matrix
cells).

After unique IDs have been assigned, each Supercell compares its ID with the ID
of components stored in the final circuit’s genome (this is why contiguous IDs are
required). Using the information inside the genome, each Supercell thus knows which
component it is to implement in the final circuit. Each Supercell then configures inside
itself its piece of the final circuit.

Following differentiation, the collection of Supercells must be wired together in
order to implement the final target circuit. This requires first determining pathways
from component to component, and then creating communication channels along those
pathways. Both of these steps are performed by the Supercells themselves, without
any external intervention. Path-finding is done using a greedy algorithm, which picks
the shortest path from component to component. Channel creation is performed by
utilizing pre-existing pieces of channels inside each Supercell, and by configuring cells
near the junction of these channel pieces, in order to form continuous pathways. Note
that some of these channel pieces cross within the Supercell, to allow the creation of
crossed communication pathways.

The final Supercell design consisted of270 × 270 Cell Matrix cells. This was
intended only as a proof-of-concept, and represents neither the smallest nor most-
efficient Supercell for the given problem. There are ways to perform more traditional
fault tolerance for the Cell Matrix architecture that have been developed and analyzed
(Saha et al. 2004; Macias and Durbeck 2005a), but the point ofthe Supercell work was
to demonstrate autonomous, self-organizing circuitry, and faulty hardware was simply
the impetus to which the system responded in order to modify its behavior.
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1.4.3 Self-Replication

Figures 1.16.a-1.16.e show the operation of an entirely self-replicating circuit on the
Cell Matrix. The circuit is comprised of two main parts. The upper-left region of the
circuit is called the “Main Grid,” and is a state machine thatgenerates bit sequences
and sends them into three wires. The right half of the circuitis a copy of the left half,
but with additional space (two rows of empty cells) between each row of non-empty
cells. The right-hand circuit is called the “Exploded Grid,” since it is a copy of the
Main Grid on the left, but with the rows spaced out vertically.
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Fig. 1.16.Self-Replicating Circuit. (a) shows the initial configuration. The Main Grid is a circuit
that will read the Exploded Grid, and produce a copy of it and itself. In (b), three wires have
been built, extending into the Exploded Grid and the initially-empty regions to the South. In
(c), the first row of the Exploded Grid has been read and used toreproduce the first row of the
Main Grid and the Exploded Grid in the region to the South. In (d), the three wires are moved
in preparation for reading the next row of the circuit. In (e), all rows have been read and copied,
creating an exact copy of the original circuit in the region to the South.

The reason for using an Exploded Grid is that we do not want thecircuit to actually
be operating: it is intended to supply adata version of the circuit being replicated.
Since the circuit itself is intended to modify other cells, we want to carefully control
the behavior of this copy. So the cells in the Exploded Grid that can assert their C
outputs are kept permanently in C mode, so that their C outputs are constantly forced
to 0. This is achieved by pairing such cells with other cells,called “Guard Cells.”

The bitstreams generated by the Main Grid extend the three wires as follows:

• one wire is extended into the Exploded Grid, in order to read the cells within the
first row of that grid;

• another wire is extended into an empty region below the Main Grid, and will create
a copy of the Exploded Grid there, but without any inter-row spaces; and



1 Self-Organizing Digital Systems 25

• the third wire is extended into an empty region below the Exploded Grid, and will
create an exact copy of the Exploded Grid.

Figure 1.16.a shows the initial circuit. Figure 1.16.b shows the circuit with the three
wires immediately prior to reading the first cell from the Exploded Grid. In Figure
1.16.c, the first row of the Exploded Grid has been completelyread, and two copies
of it have been made in the region below the original circuit.A single row has now
been configured in the new Main Grid, and three rows have been configured in the
new Exploded Grid (one row of Main Grid circuitry, and two rows of Guard Cell
circuitry).This process is somewhat analogous to the translation and transcription steps
found in the replication of DNA (Arms and Camp 1987).

Figure 1.16.d shows the circuit once the wires have been adjusted for reading the
second row of the Exploded Grid. Of course, the wires extending into the original and
new Exploded Grids require more extension steps than the wire in the new Main Grid.

The above steps are repeated for each row of the Exploded Grid. Figure 1.16.e
shows the final state of the system, where an exact copy of the original circuit has been
made to the South. Typically, the lower-rightmost cell would be configured to output a
“GO” signal into the circuit, which would trigger the execution of the above circuitry.
Thus, as soon as a new copy of the circuit is created, it immediately begins making a
new copy of itself.

This is, in itself, not necessarily useful, but is a useful building block to which a
number of various enhancements can be added. For example, after being placed on a
Cell Matrix, the circuit could make a copy of itself to the South. That copy could make
a copy ofitself to the South, and that copy could make a copy of itself, and so on, thus
creating a single column of copies of this circuit.

The height of the column could be hardwired into the circuit,for example, by
incrementing a counter within each circuit, and only replicating a fixed number of
times. Alternatively, the height could be determined dynamically by the presence of a
marker in the matrix indicating the desired extent, or the circuit can itself determine
when it has reached the Southern edge of the matrix (by notingthat cell configuration
operations no longer work). Once a leftmost column has been created, the bottom
circuit can signal to the other circuits in that column to begin replicating to the East,
resulting in the parallel building of a new column. Note thateach circuit in the column
replicates in parallel with every other circuit in that column. Thus, whereas creating the
initial column (containing, say,n copies of the circuit) requiredn replication cycles,
creating the second column requiresonly one replication cycle.

Generation of each subsequent column will also require the same time as a sin-
gle replication cycle. To create ann ×m array of these circuits would thus requiren
replication cycles to configure the first column, plusm− 1 replication cycles to create
each of the remainingm − 1 columns, for a total ofn + m − 1 replication cycles.
This is extremely better-than-linear performance. In fact, configuringn copies of this
circuit requires on order of onlyn1/2 steps. For a three-dimensional Cell Matrix, con-
figuration time forn copies is a meren1/3 steps. This is an extremely efficient way to
configure large regions of a Matrix.
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Of course, we are usually interested in something more than simply filling the
matrix with copies of a single circuit. The self-replicating circuit is intended to be a
carrier of additional circuitry.

1.4.4 Fully Autonomous Self-Configuration

The above self-replicating circuit can be used to make copies of the Supercells de-
scribed previously, which will then autonomously implement a desired target circuit.
Collectively, this represents a fully autonomous, fault-handling, self-configuring sys-
tem. This circuit can be thought of as a seed, or perhaps a biological cell. Upon placing
a single copy of it inside an empty matrix, it begins to replicate, filling a region of the
matrix with copies of itself. Once a sufficient number of copies have been created,
they begin to differentiate and specialize, and then work together to implement some
higher-order function. Moreover, this is done in a dynamic manner, with the exact con-
figuration of the final circuit dependent on the environment (specifically, the location
of defective cells within the matrix).

1.4.5 Hardware Compilation

Using the techniques described above, it is possible to perform compilation of algo-
rithms not into software, but directly into hardware. This is already an active research
area of reconfigurable logic (Page 1996). However, with the Cell Matrix as the under-
lying hardware substrate, it is possible to design systems that areself-compiling, i.e.,
the circuitry that produces the final compiled circuit can itself be running on the Cell
Matrix.

One area in which such a setup would be useful is in implementing a Just-In-Time
(JIT) (Deutsch and Schiffman 1984) compilation system. There is a huge parameter
space within which algorithms could be developed. For example, the wordsize of an
arithmetic unit can be adjusted based on the characteristics of data being processed.
This might change over time, and circuit characteristics adjusted accordingly. Simi-
larly, the number of registers available in a general-purpose processor (implemented
on the Cell Matrix), or the character size of a hardware string processor could be ad-
justed over time. Sequences of operations that occur repeatedly could be analyzed, and
new hardware synthesized to implement their collective function directly in hardware.
Such hardware could be dismantled, and the underlying cellsre-used, if the circuitry
is not utilized for some period of time.

1.4.6 Hardware Operating Systems

Having self-configurable hardware, it is possible to consider hardware analogs of var-
ious software concepts, especially concepts related to operating systems. This leads to
the concept of ahardware operating system.

For example, combining wire building techniques and bootstrap mechanisms, one
can easily imagine the notion of ahardware library, wherein circuits consisting of Cell
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Matrix cells are stored, available for retrieval and replication elsewhere in the matrix,
just as software libraries store code that is re-used in other programs.

As another example, the notion of virtual memory could be extended tovirtual
hardware, where a matrix appears to have more hardware than actually exists. By
storing cell configuration information (and utilizing appropriate compression mech-
anisms), and using it to configure cells as needed, it is possible to design a system
on the Cell Matrix that emulates a matrix that is larger than the physical matrix on
which it resides. Such a system would, effectively, intercept accesses to non-existent
cells, create them on-the-fly, and redirect requests to those newly-created cells. These
cells would be located virtually in a fixed location, butphysicallymight be located
somewhere different.

Closely related to this notion of virtual hardware ishardware swappingandhard-
ware timesharing, where a single Cell Matrix is shared by multiple applications, which
are loaded and unloaded from the matrix’s cells, so that a single set of cells are used for
more than one application. Such a system would probably employ a double-buffering
mechanism, so that while one circuit is executing on one region of the matrix, another
region would be configured with the second circuit to be executed. Once that circuit is
ready, and the desired time slice has expired, that second circuit would begin executing,
while the cells of the first circuit would be re-configured to implement the third circuit,
which would eventually be allowed to run while the fourth circuit was implemented,
and so on. Once the last circuit was given a time slice, the first circuit would again be
configured and allowed to run. Other than the need to double-buffer (since configuring
a circuit takes a non-negligible amount of time), this is highly analogous to swapping
and timesharing of software. Again, as described above, consideration must be given
to reading, preserving and restoring not only the configuration of each cell within a
running circuit, but also the state of each cell, meaning itsoutputs and inputs.

1.5 Extension to the Analog Domain: The Songline Processor

“...the labyrinth of invisible pathways which meander all over Australia and are known
to Europeans as ’Dreaming-tracks’ or ’Songlines’; to the Aboriginals as the ’Foot-
prints of the Ancestors’ or the ’Way of the Law.’ Aboriginal Creation myths tell of the
legendary totemic being who wandered over the continent in the Dreamtime, singing
out the name of everything that crossed their path - birds, animals, plants, rocks, wa-
terholes - and so singing the world into existence”(Chatwin 1986).

The previous descriptions of a self-configurable processorare all rooted in the digi-
tal domain: one where inputs and outputs are binary in nature, i.e., where each input has
one of only two possible values. This can be extended by allowing inputs and outputs
to have values within a continuous range. For example, instead of standard TTL-level
signals, inputs and outputs can be allowed to have values anywhere between 0 and 1
volts. Such an extension not only changes the domain and range of the function, but
also the basic characteristics of the mapping function. In particular, a truth table with
discrete rows will no longer suffice for describing a cell’s input-to-output mapping.
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As will be seen in what follows, extension of the Cell Matrix architecture in this
way leads to a very different type of processor whose inputs,outputs and programs are,
in some sense, akin to music: time-varying signals that are copied from one element
to another in C-mode by playing and recording them. In D-mode, the information
stored within a song is extracted by sampling the song at a particular point in time.
This is not entirely dissimilar to aspects ofSonglines, which are passed from person to
person through singing, hearing and memorizing, and whose information is extracted
by singing/listening to the song at a particular point in time (corresponding to where
one is geographically in their traversal of the Songline). For this reason (and with great
respect), this extended version of the Cell Matrix is calleda Songline Processor. It’s
internal mapping function can be called a “song,” and a particular value derived from
the mapping may be called a “note.” For clarity in what follows though, we’ll stick to
the mathematical terminology of “function” and “value.”

Consider a cell with a single input and a single output. For the binary version of a
cell, a truth table consisting of a single entry - say an inputx - will suffice. The output
values corresponding tox = 0 andx = 1 must be specified, and this completely de-
fines the characteristics of the cell. Such a truth table can be stored by simply recording
two bits: basicallyf(0) andf(1), wheref(x) is the cell’s mapping function that turns
a single input bit into a single output bit.

But when the inputs and outputs are real-valued, the mappingfunction f(x) is
now a real-valued function of one real variable. To store a complete specification
of this function in a truth table would require an infinite number of entries (one
for each possible real-valued input value), with each entryspecifying a single real-
valued output. Table 1 shows an approximation of such a tablefor a sample function
(f =

√

(x), xǫ[0, 1]):

x f(x)
0.000 0.000
0.001 0.032
0.002 0.045
0.003 0.055

...
0.998 0.999
0.999 0.999
1.000 1.000

Table 1
Approximation of functionf(x) =

√

(x)

Of course, this is only an approximation of an exact truth table, which would re-
quire an infinite number of rows (with an infinitesimal changein x from row to row).

This is complicated further in the case of a two-input cell, whose mapping func-
tion f(x, y) is a function of two real-valued inputs. Table 2, for example, shows an
approximation to the functionf(x, y) = x× y.
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x y f(x, y)
0.000 0.000 0.000
0.000 0.001 0.000
0.000 0.002 0.000

...
0.000 0.999 0.000
0.000 1.000 0.000

0.001 0.000 0.000
0.001 0.001 0.000
0.001 0.002 0.000

...
0.001 0.999 0.001
0.001 1.000 0.001

...

0.999 0.000 0.000
0.999 0.001 0.001
0.999 0.002 0.002

...
0.999 0.999 0.998
0.999 1.000 0.999

1.000 0.000 0.000
1.000 0.001 0.001
1.000 0.002 0.002

...
1.000 0.999 0.999
1.000 1.000 1.000

Table 2
Approximation of functionf(x, y) = x× y

Clearly one can estimate a mapping of any number of input variables using such
discretization of the input space. While this is not an idealfor physical implementation,
it can be a useful model to keep in mind.

For working purposes, we consider our basic programmable cells to be four-sided,
with (again) a C and D input and output on each side. These cells are arranged in a
2-D layout with each cell having four neighbors. We continueto designate the sides as
N, S, W and E, but we now define a cell’s “truth table” with a series of mathematical
expressions describing each D and C output as a function of its four D inputs. Details
related to storing such functions will be discussed below inthe Implementation sec-
tion. As will be seen, implementation difficulty increases significantly (for a variety of
reasons) as the number of sides increases.
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Fig. 1.17.Single-Cell Amplifier. The variable resistor sets the desired gain, which multiplies the
input signal to produce an amplified output.

The tradeoff for this difficulty of implementation is a richly-powerful comput-
ing paradigm, where, for example, we can compute square roots with a single pre-
programmed cell; or the product of two numbers with a differently-programmed cell.
Moreover, the fact that these cells are operating on inherently-analog signals (as op-
posed to digitizing analog inputs and processing them discretely) has interesting im-
plications application-wise. For example, Figure 1.17 shows a simple amplifier circuit,
comprised of a single cell.

Here, the input DN controls the degree of amplification; DW isthe input signal; and
DEout is the amplified output. By adjusting the variable resistor to set DN anywhere
from 0 to 10 volts, the input is amplified accordingly (up to a maximum output of 1V).

Figure 1.18 shows an implementation of a continuous-valuedflip-flop. The incom-
ing data signal is sent to the D input, and the GATE control is sent to the G input. The
latched value can be read from output Q. The pair of cells operate together to create a
feedback loop that traps a particular value between them. When G is high (G > 0.5 V
in this case), the incoming signal is sent to the feedback cell, which re-sends it to the
initial cell. As the input signal changes, its value is continuously updated in the feed-
back loop. But when the gate closes (G < 0.5 V), the incoming signal D is ignored,
and the value received from the feedback cell is re-circulated back to that cell, creating
a closed loop that traps a single value. This is effectively asample-and-hold circuit.

Figure 1.19 shows a basic differentiation circuit. The incoming signal is sent into
DW; this signal is passed to the cell on the right, which returns it to the cell on the
left. The cell on the left computes DW - DE, and sends the difference to DSout. Thus,
for an incoming signalf(t), DSout=f(t+ δt)− f(t) whereδt is the time it takes the
incoming signal to enter and leave the cell on the right. Of course, a scalar multiplier
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Fig. 1.18.Continuous-Valued Flip-Flop. Raising the Gate input above0.5V allows input D to
be loaded into the device. Dropping the gate below 0.5V trapsthe loaded value between the two
cells. Q presents the output value.

Fig. 1.19.Differentiation Circuit.f(t) can be any time-varying input signal; its derivative with
respect to time is produced from the bottom of the leftmost cell. The derivative is scaled by an
amount related to the propagation delay of the cells.

can also be supplied to the cell on the left to adjust the output range based on how
quickly the input signal is changing. Similar designs can becreated for integrating
(summing) an incoming signal; such designs also require only two cells.

Figure 1.20 shows a ramp generator. The rightmost cell is again just a feedback
path. The cell on the left receives the fed-back signal, addsan increment to it (which is
supplied by the DW input), and sends the sum to the right. The value of the Increment
input (in conjunction with the input-to-output time of the cells) determines how quickly
the output rises. For example, to achieve an output frequency of 1Hz, supposing the
total propagation delay through the two cells isτ , we would need an increment value
of 0.9τ .
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Fig. 1.20.Ramp Generator Circuit. The output rises to 90% of a cell’s maximum output value
and is then reset to 0. The rate of increase depends on the Increment input, which thus adjusts
the frequency of the output.

The equations in the leftmost cell cause it to rollover back to 0 anytime its outputs
exceeds 0.9V. In this setup, the output Q is thus a repeating sawtooth, rising from
0.0 to 0.9V and then returning to 0.0V. Of course, the cell on the right could also
amplify the output signal to increase the maximum output to 1.0V. The frequency of
this waveform depends on the value of the Increment input: the larger the increment,
the more quickly the output rises, and thus the higher the frequency. Of course, if the
input-to-output time is large compared to the period of the generated waveform, the
output may be badly discretized. But assuming a small propagation delay, the output
will rise relatively smoothly. Figure 1.20 is thus a voltage-controlled oscillator.

1.5.1 C-Mode

The above descriptions all assume previously-programmed cells, connected to build a
static (non-changing)circuit. This is analogous to using digital/binary Cell Matrix cells
to implement digital circuits that do not change. While certainly useful, this is only part
of the Cell Matrix story. So is the case for a Songline Processor, which incorporates its
own notion of a C/D-mode state.

Recall that for a binary Cell Matrix, the mode of a cell is alsoa binary variable
associated with a cell’s C input: IfC = 1 then the cell is in C-mode; and ifC = 0
the cell is in D-mode. These modes are fundamentally different from each other, and
the cell completely changes from one mode to the other based on transitions of its C
inputs.

In a Songline system, themodeof a cell is a real-valued variable (say between 0
and 1), and the corresponding behavior of the cell is a mixture of its pure D and pure
C mode behaviors. The pure behaviors are as follows (the use of the terms “bit” and
“truth table” will be clarified below):

• In pure C-mode, incoming D bits are used to populate the cell’s internal truth table,
while overwritten truth table bits are output through the cell’s D outputs; and

• In pure D-mode, the internal truth table of a cell is unchanged, and is used to map
incoming D values to outgoing D and C values.

When C is allowed to take on values between 0 and 1, these behaviors are more
complex:
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• incoming D bits will be combined with the cell’s pre-existing truth table bits, with
the mixing ratio determined by the value of the C input;

• the combined value will replace the cell’s truth table (according to some sort of
pre-defined timing pattern, to be discussed below);

• the D outputs become a mix of (a) the D values specified by usingthe truth table
as a lookup table (addressed by the incoming bits) and (b) thetruth table entries
themselves; and

• the C outputs become a mix of (a) the C values specified by usingthe truth table as
a lookup table (addressed by the incoming bits) and (b) a 0;

Thus, if C = 1 or C = 0 the behavior is the same as with binary cells; but for
0 < C < 1 the behavior is a mix of the two pure extremes.

The notion of a “truth table bit” requires clarification. Recall:

• A cell’s truth table is in fact a continuous-valuedfunction with a continuous do-
main; and

• there is no natural assignment of “bit numbers” to the function stored within a cell’s
memory.

In a binary cell, C-mode operation occurs bit-by-bit, with successive bits being read
and written as time progresses. The goal however is simply totransfer the essence of
a truth table via a narrow conduit (the D channel). In a Songline system, we serialize
a cell’s internal mapping function, and then transfer function values using time as a
parameter for the serialized function. For a function of onevariable (y = f(x)) with
domain[0, 1], we can do so by parameterizing the function using time as an index. For
example, beginning at timet = 0 we can transmit the value of the function at0, i.e.,
f(0). Over the next second, we transmit the value off(t) as t increases from 0 to 1.
After one second, the entire function will have been transmitted.

For a function of more than one variable, a single parameter (time) will not suf-
fice for sweeping the entire domain. Instead we can define a scan pattern for sweeping
the entire multi-dimensional domain with a single path, as shown in Figure 1.21. Un-
fortunately, this requires discretizing at least one dimension, at least for the simple
solution presented here. It’s is still being investigated whether something like a space-
filling curve (Sagan 1994) might be used to map the higher-dimensional space to a
one-dimensional parameterized space without such discretization.

1.5.2 C-Mode Applications and Benefits

Typically, the most common use of C-mode in a binary Cell Matrix is to read or write
a cell’s truth table, most often to copy one or more cells fromone region to another.
While this is also a use of C-mode in a Songline processor, there are other applica-
tions of C-mode as well. One is waveform generation: by loading a waveform into a
cell’s internal function memory and then placing the cell into C-mode, the pre-loaded
waveform can be read out and fed to other parts of the system. This is an easy way, for
example, to reproduce a fixed carrier wave for processing by an amplitude-modulation
generator.
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Fig. 1.21.Sample Scan Pattern for 2-D Domain. This figure shows the domain of a function
f(x, y) of two variables. The values of the function can be sampled from t = 0 to t = 1 in the
order shown. Horizontal rows faithfully reproducef(x, y) for all values ofx, but from row to
row there is a discrete jump in the value ofy.

Another interesting aspect of C-mode relates to function composition, and is illus-
trated in Figures 1.22 and 1.23. Each figure shows three cells: cells f and g are arbitrary
“interesting” functions, while cell C is a cell whose job is to compose f with g. In Fig-
ure 1.22, cell C receives an input value x, sends it to cell f, receivesf(x), sends that
to cell g, and receivesg(f(x)). This provides an evaluation ofg(f()) at the particular
pointx.

In Figure 1.23, cell C receives a “go” signal which places cell f into C-mode. Cell C
reads cell f’s function, sends it into cell g, reads backg(f) (which is basicallyg(f(t))
at whatever timet has passed since cell f entered C-mode), and writes that new value
back into cell f’s function. After the entire function has been read and modified in
this way, “go” is de-asserted, and cell f returns to D-mode. But now, the function
stored in cell f is actuallyg(f), i.e., the composite of functionsf andg. g(f(x)) can
subsequently be evaluated directly by sendingx into cell f and reading back the value
on the cell’s D output.

Thus, on a Songline processor, there is a connection betweenC-mode and the no-
tion of operating on a function(vs. operating on a function’s value at a particular
point). Thus we have a hardware implementation of a concept from functional analy-
sis(Bachman 1966).

1.5.3 Advantages of a Songline Processor

While the notion of constructing circuits from elemental building blocks containing
continuous-valued functions may seem archaic, there are a number of potential advan-
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Fig. 1.22.Data-Based Function Composition. Cells f and g are used successively to evaluate
first f(x) and theng(f(x)).

Fig. 1.23.C-Mode Based Function Composition. Cell f is reconfigured - with help from Cell g -
to implement the composite functiong(f(x)). This is done by using Cell g to evaluate g onthe
function f itself, i.e., to evaluateg(f) vs.g(f(x)).
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tages to this paradigm. One advantage is speed: an arbitraryfunction may be evalu-
ated, in effect, by a single memory lookup. Evaluating a transcendental function takes
no longer than simple multiplication by a constant. Moreover, such function lookups
may be more precise then what can be achieved in a digital domain, where functions
are approximated by (for example) part of their Taylor Series polynomial, which is
then evaluated at a point near to (but generally not exactly equal to) the desired point
of evaluation. This of course depends on the effectiveness of the implementation and
specifically the storage mechanism for a cell’s mapping function.

On the other hand, being analog in nature, there is perhaps aninherent fuzziness in
the behavior of these cells, whose mapping might potentially be affected by tempera-
ture, pressure, or other environmental conditions. There is speculation that a certain de-
gree of non-deterministic behavior may be beneficial in systems that attempt to mimic
intelligent behavior (Pearn 2000). Thus a Songline processor may be an interesting
platform for work in machine learning and artificial intelligence.

Finally, having a basic cell that can perform an arbitrary input-to-output mapping
leads to a potentially simpler way to design circuits, as suggested by Figures 1.17-
1.20. Such a system is also potentially simpler to interfacewith in a universe whose
processes appear (at least on a macro scale) to be inherentlyanalog and continuous-
valued.

1.5.4 Significance

A Songline processor maintains the essential benefits of a binary Cell Matrix, includ-
ing self-configurability, inherent defect tolerance, a lack of specialized components,
versatile routine, and so on. Additionally, potential significance of the Songline archi-
tecture itself includes the following:

• it represents a reconfigurable approach to implementing analog circuits, similar in
spirit to Field Programmable Analog Arrays (Kluwer 1998) but in some sense more
direct;

• it provides a natural mechanism for mimicking analog behaviors, by storing such
analog patterns directly into the function memory of a cell for later readback; and

• by using C inputs between 0 and 1, sampled analog data can be tweaked to a de-
sired degree, providing opportunities for adaption based upon a model signal and
a desired degree of variation.

This last point has potential applications to evolvable hardware systems (Green-
wood and Tyrrell 2006). In its simplest form, a desired function can be developed by
applying training data and comparing its actual outputa against the desired outputd.
The difference|a − d| can be used to generate a C input to the evolving cell. For a
large difference, the evolving cell’s C input will be large,and its truth table will tend to
mimic the training data. As the difference decreases towards0, the C input also dimin-
ishes, causing the cell’s mapping function to change less and less. Mild or short-lived
errors will causes relatively small changes in the mapping function, whereas more per-
sistent errors will more-dramatically and more-continually shift the cell’s function.
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More generally, the Songline architecture is a very different approach to building
circuits for processing information, and as such, the potential benefits (and pitfalls)
won’t be fully realized until it is explored further.

1.5.5 Implementation

Implementing a binary cell is extremely simple, requiring only a small digital memory,
a counter, and a bit of logic to manage the cell’s two modes. For a Songline processor
whose cells store a continuous function, storage of that function is a much more diffi-
cult undertaking. Initial attempts have been based primarily on digitizing the domain
and range of the function (as well as the inputs and outputs),and then using a standard
digital memory. This is straightforward, but has two immediate drawbacks:

1. potential benefits unique to having a truly continuous-valued function are obvi-
ously lost, since the system is now basically again a digitalcircuit; and

2. the memory requirements for storing a function can be significant. For example,
assuming 6-bit A-D/D-A converters and three-sided cells, each cell’s function is
stored in a truth table containing23×6 rows (since each side contributes6 bits to
the table lookup); each row contains2×3 outputs (a D and C output on each of the
3 sides); and each output is itself6 bits wide (since each analog value is stored as a
6-bit binary value). This means a single cell’s truth table requires almost 10 million
bits of storage. For an 8-bit A-D/D-A, this numbers grows to 8000 million bits;
for 12 bit conversions it is close to 5trillion bits. Thus even a modestly-accurate
conversion requires a sizable memory.

It is therefore worth considering alternatives to simply digitizing the mapping func-
tion and the analog values processed in a Songline processor. One possible improve-
ment is to continue to digitize the domain of the function, but to actually store analog
values of the function at each (discrete) point in its domain. It may be feasible to imple-
ment such a system by exploiting the high density storage available on flash memory
devices but to utilize the ability of each storage element’sfloating-gate to store an
analog value (Welleknns and Van Houdt 2008).

It’s worth noting that if we impose certain continuity requirements on stored func-
tions, then the penalty for digitizing its domain may be reduced by incorporating cir-
cuitry for interpolating results. Also, note that the main difficulty in increasing the
number of sides is only in the domain: for a cell withn sides, we simply implement2n
copies of our function storage mechanism within each cell (to drive a D and C output
on each of then sides).

The question of directly storing analog signals is not without precedent: early digi-
tal computers used analog memory modules such as mercury delay lines to store infor-
mation in a series of acoustic waves that would travel the length of the tube, reach one
end, be sampled, amplified, and re-transmitted to the other end (Eckert et al. 1971). A
spring-based delay line (Figure 1.24) is another example based on the same principle.
There are, however, complications that arise in trying to extract information from such
a storage system. Suppose a time-varying signal is stored ina spring (for example).



38 Nicholas J. Macias and Lisa J. K. Durbeck

Fig. 1.24.Mechanical Spring-Based Delay Unit. An analog signal can besent into one end of
this unit, where it is transformed into mechanical motion that causes the springs to oscillate. The
signal travels through the spring to the other end, where a transducer converts the mechanical
motion back into an electrical signal, which can be amplifiedand re-sent to the starting point.
This is one way to store an analog signal.

Fig. 1.25.Example of a trapped waveform. Here, the functiony = sin(6πx) has setup a dis-
placement in the spring.

Figure 1.25 shows a trapped sine wavey = sin(6πx) (xǫ[0, 1]). To evaluate this func-
tion f at any given point x, we only need to measure the displacementof the spring
from its rest position at a point corresponding tox. Sometimes, this will be the point a
distancex from the left of the spring (assuming the length of the springis normalized
to 1), as shown in Figure 1.26; but because the wave travels, the position ofx changes,
as shown, for example, in Figure 1.27.

So how do we measure this displacement? In a typical spring reverb system (such
as is used for creating a reverberation effect with a guitar (Amplified Parts 2012), the
end of the spring is connected to a transducer that transforms the spring’s displacement
into an electrical signal. It’s thus possible to directly read the value off(x) for what-
ever value ofx currently corresponds to the rightmost position on the spring. Ergo,
assuming it takes 1 second for the wave to travel the entire length of the spring, we
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Fig. 1.26.Reading a Saved Value. To read the value off(x) at timet = 0, one needs to measure
the displacement of the spring from its rest position at a distancex from the left side (where the
signal is assumed to originate).

Fig. 1.27.Reading a Saved Value 1/6 Second Later. Since the trapped waveform travels down
the spring, the position of “x” (and hencef(x)) will vary over time.

could read the value off(x) by simple waiting for timet = 1−x and then reading the
displacement at the rightmost edge of the spring. This wouldgive us an exact value,
but with a time penalty of up to 1 second.

If a 1 second delay is unacceptable, we can instead decide to wait a maximum
of 1

2
second, and read the closest point available to the sensor anywhere during that

1

2
second. Now we’ve reduced the time delay, but introduced a potential error in the

value we read. More precisely, we will read the exact value off(x + ∆x) where
|∆x| <= 0.5.

An alternative is to add a second sensor in the middle of the spring (Figure 1.28).
Now we can be assured that the pointx will pass somesensor in no more than1

2

second. In this setup though we have another option: we can immediately read the
value at whichever sensor is closest to the pointx, and thus obtainwithout delayan
approximationto f(x). Or we can accept a delay somewhere between0 and 1

2
an a

possibly smaller error in where we evaluate the function. More-generally, forn evenly-
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Fig. 1.28.Spring-Based Storage System with a Second Sensor. Adding this second sensor (in
the middle of the unit) allowsf(x) to be sampled with a delay of less than 0.5 sec.

spaced sensors, we can read with a delay of 0 but an error of1

n , or we can wait up to
1

n seconds and read an exact value. The more sensors, the betterour situation. But for
any finite number of sensors, we do not have the option of eliminating both the delay
in reading a given function value and the potential error in that reading. Sampling at
a precisely desired point in time and space is not possible: we can decrease the error
in one, but only at the expense of increasing the error in the other. This is perhaps
reminiscent of other natural phenomena (Heisenberg 1927),though it’s unclear what
the actual connection might be.

All of the above is only for a function of one variablef(x). The question of two
variables is more complex. Visually, an image of a deformed rubber sheet may be
useful: at any point(x, y) the displacement of the sheet corresponds to the function’s
valuef(x, y). If this deformation is setup as a traveling wave, then a situation similar
to the one-dimensional case arises, and we could populate the domain with an array
of sensors capable of reading the sheet’s displacement at certain predefined points. Al-
ternatively, if the sheet is rigidly deformed, a series of movable sensors might be used
to take a height reading at a desired point. Here again, we canread without delay by
approximating the point(x, y); or we can introduce a delay as a sensor is repositioned
and then used to read the value exactly.

A different model for storing a functionf(x, y, z) might be to use the tempera-
ture at a point(x, y, z) within a three-dimensional region of space as a coding for the
function valuef(x, y, z). Of course, creating a system to do this (and to maintain the
temperature values) is likely impossible, but it suggests the general idea of mapping
the domain to 3-space and reading some physical property of each point(x, y, z) in
space to discern the value off(x, y, z) at that point. Another idea that comes to mind
is, perhaps, to code information in the phase of light at eachpoint in a 3-D region: per-
haps something along the lines of creating and reading a hologram. It’s not currently
clear how a functionf(x, y, z, w) of four variables might be stored physically. To date,
most work on Songline processors has been done with three-sided cells.
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Yet another alternative for storing functions of more than one variable is (again) to
consider a space-filling curve (or an approximation to it) toparameterize a 2-, 3- or 4-
dimensional region, mapping it to a one-dimensional region(in a way similar to Figure
1.21) and using that mapping to locate desired points. Of course, this requires certain
continuity assumptions on the function being stored, and weare in effect digitizing the
domain. But as an approximation, it does provide a way to store functions of higher-
dimensional domains using a one-dimensional storage system.

Finally, it should be noted that the C-mode component of a cell’s operation - in
which the function itself is interrogated and read/written- such parameterization is
necessary (as described previously), in which case using this approach to store the
function may have its own benefits in terms of consistency of the cell’s function.

1.5.6 Songline Processor Prototype

Figure 1.29 shows a prototype of a Songline processor. The dials are used to generate
analog inputs, while the meter reads the analog output of oneof several channels. Soft-
ware on a host machine acts as the actual processor (an 8x8 array of 3-sided cells). A
compiler converts desired cell behavior (expressed in a C-like syntax) into the internal
structures necessary, based on 6-bit digitizing of analog values. A configuration file
designates certain edge cells’ inputs and outputs as corresponding to particular chan-
nels, which the I/O box (shown in the figure) can write and read. Additional connection
points are available on the back of the unit, for connection of channels to function gen-
erators, oscilloscopes, and so on.

Using this system, initial designs have been developed and tested, including basic
amplifiers, differentiators, flip flops, and so on. Cell replication from a source to a
target using C-mode has also been successfully demonstarated. The system works well,
though the differences from a typical digital system are often surprising (such as the
wide range of effects race conditions can exhibit).

Next steps include:

• continuing to develop circuits on this test bed;
• experimenting with single-variable function storage using a spring-based delay

system;
• looking into the feasibility of exploiting floating-gate technology as a means of

storing and retrieving real-valued quantities;
• trying to better understand the time vs. error tradeoffs of incorporating multiple

sensors in the function readback system; and
• looking further into holographic techniques to see if there’s some way to use holog-

raphy to store functions of 2 or 3 variables.

1.6 Status and Future Work

1.6.1 Current Status

Several specifications for the Cell Matrix architecture have been designed (Macias
et al. 1999; Durbeck and Macias 2001c; Macias and Raju 2001),and these different
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Fig. 1.29.Songline Processor Prototype. Analog inputs are specified with the knobs, while ana-
log outputs can be read from the meter (the selector below themeter chooses which output
channel is displayed). Software running on a USB-connectedhost machine emulates an8 × 8
array of 3-sided cells. 6-bit digitizing is used, resultingin a total function memory of 128 MB.

implementations have been used in a number of software simulators (Cell Matrix Cor-
poration 2006b). Most work to date has been done using software simulators.

Hardware implementations have also been developed, including a small custom
ASIC implementation. More recent implementations have used traditional FPGAs to
implement the Cell Matrix architecture (Macias and Durbeck2004; Durbeck and Ma-
cias 2001a, 2002; Macias and Durbeck 2005b), including a self-contained8 × 8 Cell
Matrix board called the Mod-88 (Macias and Durbeck 2005b), a4× 4 array of which
has been placed on the web for use (Cell Matrix Corporation 2006c).

A complete set of tools has been constructed and placed on theweb to permit
anyone to construct Cell Matrix circuits and debug them using a graphical layout editor
and libraries of already-built components (Cell Matrix Corporation 2006b). A place
and route tool was recently developed to automatically generate layouts from circuit
descriptions (Macias 2006).

1.6.2 Some Applications of Self-Configurability

There are a number of areas where this shift from external- tointernal-control appears
especially beneficial to the design of computational and processing systems. There has
been and continues to be impetus to scale systems to greater numbers of components
and greater levels of complexity in the tasks they undertake. As the system’s size and
complexity are scaled up, the difficulties associated with managing and maintaining the
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system also increase. When rapid increases in scaling eventually occur (Vinge 1993),
it may no longer be practical to continue scaling up current strategies. Instead, new
approaches to managing extreme complexity may be required.

Utilizing internal control mechanisms is a better strategythan today’s external sys-
tem control as computers become more complex. A key difficulty in managing ex-
tremely complex systems is the dependence on a single, centralized unit for all man-
agement tasks. In contrast, one can distribute the management and control of the sys-
tem among a large number of separate management units, thereby reducing the load on
each management unit, while also improving the proximity between each management
unit and the circuits that it is managing. Care must be taken to avoid introducing new
complexities as the number of management units is itself scaled up.

A possible solution is to use the massive resources of such large-scale systems to
solve the very problem being caused by their size, i.e., tackle the problems of large-
scale system design by using a large-scale system. Some example areas where this may
be applied are:

• Manufacturing Defects: In order to utilize many orders of magnitude more devices,
computational systems such as CPUs and FPGAs will need to be able to use im-
perfect hardware, because it will be too difficult and expensive to build perfect
hardware. It thus seems there will need to be a design shift, from systems that are
completely free of defects to systems that can handle such defects. One way to ap-
proach this challenge is to have the system itself perform initial checks on its own
hardware, testing its subsystems in an efficient (parallel)manner, and noting defec-
tive regions in a way that subsequent processing can use to avoid those defects.

• Run-time Defects: Even in systems that are manufactured perfectly, or whose de-
fects have been worked-around, there are still run-time defects, i.e., temporary or
permanent errors that occur while the system is operating. Given the large number
of components expected in future systems, the job of monitoring them for proper
functioning cannot reasonably be handled from a single, centralized (i,e., external)
location. Instead, the job of defect detection and mitigation may better be handled
from within the system, using the large number of system components as a resource
for handling the complexity of this task.

• System Design: With a jump to Avogadro-scale systems, one could expect system
design times to become prohibitively long. One example of applying our thesis to
this problem would be to use a massive FPGA to implement and run massively-
parallel CAD tools, which are then used for subsequent design work. Another is
to decouple system design from system construction, so thatsystem construction
happily continues to march down Moore’s Law curve, while theincreasingly com-
plex task of systems design has time and opportunity to develop as resources are
made available.

• Initial System Configuration/Bootstrap: As systems scale to use many orders of
magnitude more devices, the problem of configuring or bootstrapping them (the
process of specifying their initial setup in the case of suchsoft hardware as FP-
GAs, and the bootstrapping process of invoking and initializing all processes that
constitute the running system in the case of all computationsystems including FP-
GAs and computers) rapidly becomes worse, until configuration and initialization
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times may be so long that systems cannot even complete initialization. Again, a
possible solution is to use the massively-parallel system itself as the control system
used to implement a very powerful, parallel bootstrap system.

1.6.3 Possible Manufacturing Options

Because even simple circuitry implemented on the Cell Matrix tends to consume a
large number of cells, practical hardware Cell Matrices aredifficult to create using
conventional manufacturing techniques. There are, however, a number of conceivable
approaches to manufacturing large Cell Matrices (“large” means a Cell Matrix con-
taining a large number of cells).

Aggressive Silicon Techniques
One approach is to use aggressive techniques in silicon, such as deep deep sub-micron
technology, while taking advantage of the fault-handling capabilities of the Cell Ma-
trix to manage the inevitably-high defect count. This, of course, requires a mitigation
technique that costs less (in terms of area/cell count) thanwhat is gained by using a
very aggressive fabrication technology.

An added benefit to using cutting-edge technologies to manufacture a Cell Matrix
is the possibility of using the Cell Matrix itself as aprocess driver, i.e., as a means of
debugging the fabrication process itself (Durbeck and Macias 2002). Because a Cell
Matrix has an inherent introspection capability, it can be used to analyze the charac-
teristics of the manufactured cells within itself, including things such as their logical
behavior, the speed of their operation, the pattern of defective cells’ locations, and so
on. Because pathways from cell to cell are built out of cells,there are generally multi-
ple pathways from any cell to any other cell. This means that even regions containing
a large number of defects might be thoroughly analyzed (Durbeck and Macias 2002).

Wafer-Scale Integration
Another potential approach to manufacturing large Cell Matrices is to employ wafer-
scale integration (WSI) (Saucier and Trilhe 1986; Wyatt andRaffel 1989; Fuchs and
Swartzlander Jr 1992; IEEE 1995; Zeng et al. 2005), where, instead of dicing a wafer
into a number of individual chips, the entire wafer is used toimplement a single cir-
cuit. WSI has been explored as a means to overcome die-level defects, and in general
has to address the problem of a wafer typically containing some defective die (e.g.,
(Boubekeur et al. 1992; Saucier et al. 1988)). Various special-purpose architectures
have been developed for WSI to allow operation on top of imperfect wafers (e.g.,
(Boubekeur et al. 1992; Saucier et al. 1988)), as well as a general-purpose methodol-
ogy for using wafer-scale fabrication (Alam et al. 2002).

Of course, since a Cell Matrix is inherently a fault-isolating architecture, and since
faults can be detected and managed efficiently using some of the techniques described
above, it is an ideal architecture for implementing using WSI.

Three-Dimensional Fabrication
While most discussion of the Cell Matrix architecture in this chapter has focused on

two-dimensional matrices, it is perfectly feasible to create the three-dimensional Cell
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Matrix. A three-dimensional Cell Matrix is actually much more powerful than a two-
dimensional one, for a number of reasons:

• each cell is more powerful, being a 6-input 6-output device (assuming a cube-based
structure/topology);

• circuit routing is easier, at least for two-dimensional circuits, since, being embed-
ded in a higher-dimensional space, non-adjacent components can be connected via
the third dimension;

• for a given number of components, the maximum path length, and hence maximum
delay, can be greatly decreased — for example, a square circuit containing a trillion
cells would be1, 000, 000× 1, 000, 000 cells, giving a maximum corner-to-corner
path length of2, 000, 000 cells; while a cubic circuit containing a trillion cells
would be10, 000 × 10, 000 × 10, 000, giving a maximum corner-to-corner path
length of only30, 000 cells;

• configuration of a three-dimensional circuit can be much faster than configura-
tion of a two-dimensional circuit with the same cell count; in the above example,
the two-dimensional case would require2, 000, 000 operations (1, 000, 000 to con-
struct one row of Supercells, and another1, 000, 000 for each Supercell to cre-
ate a column of Supercells), while the three-dimensional case would require only
30, 000 operations (10, 000 to make a row of Supercells; another10, 000 to create
a column of10, 000 Supercells below each of those, thus giving a two-dimension
plane of Supercells; and a final10, 000 operations for each ofthose100, 000, 000
Supercells to create a line of Supercells in the Z-axis);

• a three-dimensional matrix can be treated as a series of two-dimensional matrices
with inter-matrix access in the Z dimension, thus enabling techniques such as rapid
context switching, parallel reading of cells, parallel writing of cells, plane-to-plane
voting, and so on; and

• a three-dimensional matrix has a number of two-dimensionalsurfaces available to
the outside world, thus affording a high-bandwidth mechanism for parallel input
and output of data to and from the matrix.

There have been various attempts by researchers to create three-dimensional cir-
cuitry (Seeman 1982; J. DePreitere 1994; Alexander et al. 1995; Borriello et al. 1995;
Meleis et al. 1997; Leeser et al. 1997). One problem often encountered is heat buildup,
but this need not be an issue with a massively parallel architecture such as the Cell Ma-
trix, since the idea is to get algorithm speedup through the use of massively-parallel
algorithms, rather than through raw uni-processor speed. Another significant impedi-
ment for three-dimensional fabrication is, again, the manufacturing defect rate, but this
can be (to some degree) mitigated using Cell Matrix fault handling techniques.

1.6.4 Nanotechnology

Any discussion of high-density, three-dimensional fabrication inevitably leads to the
topic of Nanotechnology (Montemerlo et al. 1996; Kamins andWilliams 2001; Stan
et al. 2003). Roughly speaking, nanotechnology is the science of atomic-scale manu-
facturing. In the context of using nanotechnology to manufacture Cell Matrices, our
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primary interest is not so much in the size of the manufactured cells per se,but rather
in the extremely high cell count that can be achieved becauseof that size. That is,
our interest is not in making small Cell Matrices, but ratherin creating Cell Matrices
containing a huge number of cells. This might involve manufacturing cells out of logic
gates that themselves are comprised of a small number (say10-1, 000) of atoms, single
electrons, etc., with each resulting cell containing fewerthan a million atoms. At such
a scale, we can talk about quantities such as onemoleof cells, i.e., a number of cells
equal to Avogadro’s numbers, or roughly1023 cells. Note that a three-dimensional Cell
Matrix containing1023 cells would have only100, 000, 000 cells along each edge.

1.6.5 Cell Matrix Support for Nanotechnology

While the Cell Matrix architecture stands to benefit a great deal from a true atomic-
scale fabrication technologies, it is also possible that such technologies may also ben-
efit from the Cell Matrix. For example, in trying to manufacture three-dimensional cir-
cuitry,one often manufactures a series of two-dimensionallayers using conventional
techniques (e.g., lithographic techniques), and then stacks these layers in the third di-
mension. While the former process is usually quite precise,the latter is not: it involves
the manipulation of macro-scale objects, such as individual silicon die or silicon wafers
(Fraunhofer Institute for Reliability and Microintegration, Munich 2006; Misc 2006;
IEEE 1995; Ababei et al. 2004).

However, if the layers being stacked are actually Cell Matrices, the cells themselves
can be used to create circuits on each layer that investigatetheir own placement relative
to the layers above and below them. By staggering the placement of the cells within
each layer, that is, using non-uniform spacing between cells, it may be possible to
guarantee that some of the cells will align between layers (while also guaranteeing that
some cells will not). By voluntarily sacrificing some of the cells, we can insure that
some of the cells will create inter-layer connections. Circuits can then be constructed
to discover where these connections have been made, and thatinformation used in the
configuration of subsequent circuits.

1.6.6 Other Approaches to Manufacturing

When thinking about manufacturing a Cell Matrix, it is worthwhile to consider ap-
proaches that may lack characteristics typically requiredfor conventional circuit man-
ufacture. Some of the characteristics that differ for a CellMatrix manufacturing pro-
cess vs. conventional circuits include:

• speed — a Cell Matrix is not required to have extremely fast cells, since one may
hope to obtain algorithm speedup via massive parallelism rather than raw compo-
nent speed;

• power dissipation — because, again, the individual cells can be run slowly, with
overall speedup achieved via parallelism;

• reliability — as we have seen, perfect manufacture is not strictly necessary for the
creation of a viable Cell Matrix: a certain degree of defectsis acceptable; and
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• physical size — the primary requirement for a useful Cell Matrix is not that it be
physically small, but rather that it contain a huge number ofcells.

Taking these considerations into account, there are some unconventional possibil-
ities for manufacturing a Cell Matrix. One possibility is touse printable circuit tech-
nology (Plastic Logic 2006; Burns et al. 2004; Sirringhaus et al. 2006; MacDonald
2006; Wong et al. 2006) to create two-dimensional sheets of cells. These sheets could
be folded and stacked, to create narrow, but arbitrarily-long matrices. Alternatively,
single sheets could be stacked, and connectors pierced through the sheets to create
inter-sheet connections. Even if only some cells are connected from sheet-to-sheet,
this would still offer some of the benefits of a fully three-dimensional matrix.

This also leads to the notion of trying to weave a matrix, utilizing some of the ideas
being used for the design of smart clothing (Cakmakci and Koyuncu 2000; Cakmakci
et al. 2001; Martin 2006; Edmison et al. 2002; Martin et al. 2003; Marculescu et al.
2003). If cells can be constructed simply by controlling thepattern of a weaving, then,
again, arbitrarily-long two-dimensional sheets could be manufactured. This approach
is worth considering if only because the manufacture of textiles is one of the oldest
manufacturing processes in human history, and is estimatedto date back 12,000 years
(Sabalan Group 2006).

Because of the regular structure of the Cell Matrix, it may bepossible to exploit
natural processes in its manufacture: for example, the process of crystal growth. Of
course, this would require a means for associating logic circuits with certain types of
crystals, arranging things so that as the crystal grows, so does the matrix. A more-
controlled approach is being taken in the use of DNA as a scaffolding for the place-
ment of carbon nanotubes (Seeman 1982; Winfree 1998; Winfree et al. 1998; Dwyer
et al. 2004a,b; Patwardhan et al. 2004; Park et al. 2006; Pistol et al. 2006; Patwardhan
et al. 2006; Kim et al. 2004; Winfree and Bekbolatov 2004; Seeman 2003; Rothemund
et al. 2004; Robinson and Seeman 1987; Winfree 2003), which could be applied to the
construction of Cell Matrix cells.

1.6.7 CAD Issues — Magic Polygons

It remains unanswered how best to represent self-modifyingcircuitry such as that
which can be implemented on the Cell Matrix. One idea is to usethe notion ofserial-
ization, wherein a collection of cells is used to generate a stream ofbinary data corre-
sponding to it. Once a circuit has been serialized, it can be processed using standard
digital circuits: it can be stored, retrieved, steered through circuitry via mux/demux
logic, compared with other streams, and so on. Along with serialization is the process
of de-serialization, wherein a stream corresponding to a circuit is used to configure a
set of cells to implement that circuit.

Figure 1.30.a shows an example of this serialization/de-serialization process. A
sample source circuit is shown on the right, surrounded by a dashed box called a
“Magic Polygon,” which indicates a region of the circuit that is to be serialized.
The line coming from the box transfers this stream of ordinary binary data to the
de-serializer on the left, where a new copy of the circuit is created in Figure 1.30.b.
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The “*” inside each polygon is used to position de-serialized circuitry relative to the
original serialized circuit. The GO signal indicates initiation of the de-serialization
operation. Figure 17 shows a simple circuit replication.

SOURCE

CIRCUIT

(b)

COPY OF

SOURCE

CIRCUIT

* *

GO

SOURCE

CIRCUIT

(a)

MAGIC

POLYGONS

* *

GO

Fig. 1.30.Serializaton of a Source Circuit. In (a), the truth tables comprising the Source Circuit
are transmitted along the wire to the de-serializer on the left. ”*” is an anchor point for position-
ing the new circuit. In (b), the de-serializer has synthesized a copy of the Source Circuit using
the serial bit stream it receives.

Figure 1.6.7 shows an example of a simple Hardware Library, where one of four
circuits can be selected for synthesis. The bitstreams for each circuit are sent into the
4-1 selector, which chooses one of them for synthesis by the Magic Polygon to the
South.

CIRCUIT

3

*

*

GO

CIRCUIT

2

*
CIRCUIT


1

*
CIRCUIT


0

*

4-1

SELECTOR SELECT

Fig. 1.31.Example of a Hardware Library. The 4-1 Selector can choose the bitstream corre-
sponding to one of four circuits. The selected circuit will be synthesized to the South.

Figure 1.32 shows a more-complex example. In this case, the Magic Polygon on
the right itself contains a Magic Polygon. This means the synthesized circuit will also
contain a Magic Polygon. When the circuit in Figure 1.32.a isserialized and then de-
serialized, the circuit of Figure 1.32.b results. This looks exactly like Figure 1.32.a,
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except that the East-to-West wire has been extended. Each time the circuit’s bitstream
is de-serialized, the wire is extended another step. This can be used as a mechanism
for synthesizing wires, as described above in Section 1.3. Note that in this example,
the GO line has not been shown. The Magic Polygon on the left needs a GO signal
in order to initiate its de-serialization process, but since the location of this Magic
Polygon changes, the line driving the GO input also needs to be extended at each step.
For simplicity, this and other details have been excluded from Figure 1.32.

(a)

**

(b)

***

Fig. 1.32.Magic Polygon Representation of an Extendible Wire. (a) shows the initial setup. (b)
shows the result after deserialization and reserialization: the wire has been extended.

While Magic Polygons are an easy way to visualize the serialization/de-serializa-
tion process, they are more applicable to circuit schematics than to, say, a Hardware
Definition Language (HDL) description of a circuit. Ongoingresearch efforts seek to
elaborate on the details of Magic Polygons, to extend them tothe realm of HDLs, and
to develop tools for implementing their functional behavior.
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