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clocks, timers, interrupts, controls, a full duplex serial port, and VI. CONCLUSION AND FUTURE WORK
+5V, +12V, and -12V power supplies.

The host interface to each processor card supports 8 Mb
serial communications for downloading software and oth

ua’he Anthroform Neural Controller is a distributed computa-
jon system based on the human moto-sensory system residing

system functions. The host can select which processor it ¢ rl)g:g\?vsgn daels?Orr]dWQ; t:hoem“rlz:teeo;rfglz Wrrlg)r:i?ﬁ ;?; Cﬁglt]f(:)lllcetrhe
nects with by writing to an 8-bit card-select register in the NB- 9 P PP y

bus master. Once every millisecond, the NBbus master Wri(;élré)cessor card logic had been fully tested. With this tool com-

this processor card address out to the NBbus. The addres%gae’ we plan to interface it to the Anthroform Arm Manipula-

card then enables serial communications to that processor u Iand begin our research of neural control theories relevant to

another card is selected. In order to allow processor cards to r@ reflexive functions of spinal circuits. In addition to its in-

guest a connection with the host, a single host request line rﬁ%@ded use, we are also considering using this parallel comput-

to all of the processors. If this line is asserted, the host indiviﬁ'-g architecture for controlling more typical robotic manipula-

ually polls each card until it finds the one requesting a connd@tS OF for doing feedforward readout of standard neural net-

tion. Because the processor card address is only 8 bits wide,Wék architectures.

system is limited to 256 cards. For implementations requiring ACKNOWLEDGMENT

a more than 10 cards, electrically isolated groups of cards can

be logically connected by bidirectional bus repeaters. TheWe gratefully acknowledge the efforts of Ching-Ping Chou,

overall system configuration is shown in Fig. 6. Pierre-Henry Marbot, and Professor Arun Somani for their
help in defining the NBbus. We also thank Texas Instruments
for their generous contributions.
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Fig. 4. THE NBBUS ABSTRACTION OF THESTRETCHREFLEX

The stretch reflex presented in Fig. 2 is shown here as it would be implemented on the Anthroform Neural Controller. Treddpecialare interface to the NBbus
allows the bus to be viewed as a single common storage space for meta-neuron outputs. The meta-neuron addresses arréspdigdre ¢the numbers in Fig. 2. The
partitioning of meta-neurons among processor cards is somewhat arbitrary, the limitation being that sensory and motamaetasstaun on a processor card that offer
the correct 1/0 connections to the Anthroform Arm Manipulator. For example, since meta-neuron #5 has no I/O connectidie hastad by any processor.

can be increased proportionally. In addition, the address sdseg converters, PWM generators, or quadrature decoders) to
guence can be altered to increase the update rate of some bereasily connected to a processor card. The connector defini-
nections over others. For instance, by using a sequence ik allows for daughter cards to be stacked in order to have
1,9,2,9,3,9,4,9, etc., address 9 would be updated every 2 miagrmre than one connected to each processor card. The daughter
seconds while the others were updated every 1 millisecond.card I/O interface supports 13 bits of address, 32-bit data,

V. HARDWARE DETAILS

A circuit card on the NBbus contains a processor, NBbus i Developmentt
terface hardware, and ports for connecting to input and outy /| System
devices and a workstation for high level control and syste
functions. In this section we describe these interfaces as w Processor Card
as the important features of the processor we chose and t
they all work together to form a complete system. 10 DSP Ml_eorgglry

The TMS320C30 Digital Signal Processor (DSP) was chi D%’grgtef (TMS320C30)
sen as the main processing unit for this system. It is speciali:
for performing high-speed floating-point calculations apprc
priate to our expected meta-neuron algorithms, and is suppt I
ed by a C compiler and an extensive debugging system. 1
processor runs at 16 MIPS, allowing roughly eight typice
meta-neurons (with 100 inputs) to be hosted by each proce
ing card. The TMS320C30 also has three independent exter
busses allowing easy interfacing to local memory, the NBbL | z Host I/0
and /0O devices as is shown in Fig. 5. The DSP also interfac .
to a PC based software development system through a dedi
ed emulator port, and has another high-speed (8 Mbaud) se NBbus
port appropriate for communicating with a host computer.

The NBbus itself supports no I/O functions, so all sensol
input and motor output must be interfaced through a meta-ne¢ Fi

ig. 5. FRROCESSORCARD BLOCK DIAGRAM
ron on a processor card. To prepare the processor cards to The TMS320C30 allows the user to develop meta-neurons in the C program-
vide a wide range of 1/0 formats, a generic I/O interface co ming language. The processor also supports three independent busses allow-
nector and bus were defined. It allows separately designed ing easy interfacing to local memory, the NBbus, and I/O devices.
daughter cards (e.g., analog to digital converters, digital to ¢

Dual-Ported Dat3
Transfer Memory




4 0of 6

degree-of-freedom, a total of 42 meta-neurons will be needguit value. As long as a complete cycle of all the addresses is
If we allow for some additional spinal circuits and a few metaccomplished every millisecond, then all 1,047,552 individual
neurons to interpret higher level control that would bring th@put-output pairs are updated every millisecond resulting in a
total to around N=100. This works out to about 1 MIPS pesystem capable of over 1 billion connections per second. In ad-
meta-neuron for a system total of 100 MIPS. Although this dition, the system is very flexible since a meta-neuron may be
a little beyond the power of today’s readily available procesnoved to a different processor without reconfiguring the bus.
sors, the computations can be easily partitioned among sevdm@lrelocate a meta-neuron, the new host processor need only
processors since the computational Ig@d meta-neuronis  know that meta-neuron’s address and the addresses of its in-
quite reasonable. The fully-connected network of 100 metpuits.
neurons, for example, could be realized on just 10 processordhere are only two major drawbacks to this scheme:
running at 10 MIPS 1. there is no provision for emulating variable de-

This leaves us with the nontrivial problem of distributing all lays between meta-neurons; and
the meta-neuron output values to the proper processors where 2. each processor must be constantly monitoring
they are needed as inputs. A digital bus is appropriate, but the NBbus address lines so it can read and write
based on the constraints developed in this section and the pre- the appropriate values for the meta-neurons it

vious one it should be specialized to: hosts.

* support a fully connected network that is ex- The first problem could be solved by placing a variable depth
pandable to hundreds of meta-neurons dis- FIFO (First In First Out) memory between the processor and
tributed over a smaller number of proces- the NBbus. However, to support 1024 inputs using 8-bit-wide
Sors; memories would require 128 chips per processor! Our solution

« allow easy reconfiguration if a meta-neuron is to use software ring buffers as part of each meta-neuron pro-
needs to be moved to different processors; cessing algorithm. This will require roughly 10 additional in-

« allow each connection to be updated every structions per input; doubling the processing power required
1 millisecond,; per meta-neuron to:

* support a programmable delay for each con- inputs calcinstr_delay-instr
neCtI_On; and L. (N - l) meta—neuron>< (10 input input N MIPS

* require a minimum amount of processor Tmsec 025 Gosamnenrad

overhead. _ . . :
These constraints lead to the definition of the Neural BroadoWwever, emulating input delays in software will provide sub-
cast Bus in the following section, and (in combination with thatantial flexibility for tuning meta-neuron circuits.
processor requirements above) to the final definition of the pro-T0 reduce processor overhead in maintaining the NBbus we

cessing hardware in Section V. designed a special hardware interface to automate the reading
and writing of meta-neuron output values. A dual-ported mem-
[V. THE NEURAL BROADCAST Bus ory’ is inserted between the processor and the NBbus. This

The Neural Broadcast Bus. or NBbus. is a special purpomgmory contains a 32-bit word for each of the 1024 possible
- ural us, us, | PECIal PUrBOZfata-neuron addresses and a 1-bit flag that notes which of
digital bus which forms a fully connected network of up t

1024 meta-neurons and allows them to be distributed arbitra%haes’ree;%irzsrﬁ\elz aées?:tg]?nzgﬁﬁg P%;Pe?nzﬁzzsfnog 'Srsoglg?#_s

:3/ Ot\f/]?Sr guns]aa)\(rlgzng;n-kgz ﬁggti% roc%ﬁﬁ?fa;gzga\ﬁi\ﬁu@s r%‘?;ﬁi le logic array (PLA) first checks the flag bit, and then reads
tr?/e average activity of the ingi\ﬁdual neurons that a mel?ta-neg—WriteS the NBbus appro_priately. A”- the processor needs to
ron is modeling (Fig. 3) 46 is read the dual-port (without any timing constraints) and it

S will have the most recent update of a meta-neuron’s output val-

In order to limit the number of physical wires required to Mie. The processor can then run a meta-neuron algorithm on this

plem_ent the buts,. a b_roadcast scheme was us_ed. The sch Hf other inputs and write the new output value to the proper
functions like this: a single bus master consecutively genera] Srd in the dual-port. The state machine will take care of writ-

all the meta-neuron address numbers between 0 and 1023y {4t output to the NBbus when the proper meta-neuron ad-
peating this cycle once every millisecond. Each address is S8Hss next appears. From a software point of view, the entire
bus can be thought of as a simple storage space for meta-

out over a common set of address lines to every processok g
the system. The processor that hbtis addressed meta-neu-pq 1o outputs. This abstraction is shown graphically in Fig. 4.
uring neural emulations, the NBbus master will simply in-

ron then places the meta-neuron output value on a common's
of data lines. Any processor that needs the output of the Qé_:ment through all 1024 meta-neuron addresses, completing
cycle every millisecond. If the NBbus were to be used for

dressed meta-neuron (in order to use it as an input for m
neurons thatt hosts) just reads the data bus to acquire the Oher computation tasks this format can be changed easily. By
reducing the total number of NBbus addresses the cycle rate

5. One alpha motor meta-neuron to drive the muscle, one dorsal root g
glion meta-neuron for feedback, and one ‘la’ inhibitory interneuron to ensure 7. A dual-ported memory has two independent sets of address, data, and
reciprocal inhibition of antagonist alpha motor meta-neurons. control lines that each access the same memory words. If both ports try to ac-
6. To “host” a meta-neuron is to run that meta-neuron’s algorithm and geress the same word at the same time then one port is required to wait until the
erate its output value. other finishes its access.



human motor system. Each one processes a large number of in-
puts to generate an output signal that it passes on to many other
neurons as their inputs. The number of these interconnections
is very large, and this high connectivity is believed to be an im-
portant feature of biological control systems.

The interneuron communication medium imposes addition-
al constraints on biological control systems. A complex elec-
trochemical process is involved in a neuron firing its output
and in propagating this signal to another neuron [6]. The time
it takes to reset this process after firing is called the refractory
period, and it lasts about 1 millisecond. Therefore, a fully acti-
vated neuron will transmit a 1 kHz pulse stream. This frequen-
cy reduces considerably during inhibition. Since a neuron can
only fire once every millisecond, and since the individual fir-
ings are identical, the maximum rate of information flow in any
neural connection is therefore about one value per millisecond.
Another feature of neural communication is the propagation
delay of neuron outputs. This delay is proportional to the
length and type of the neuron, and can vary from nearly zero to
as much as several tens of milliseconds for long sensory fibers.
These connectivity and information flow constraints were cen-
tral to the definition of our Neural Broadcast Bus (see
Section IV).

The representation we chose for neuron emulation had to
deal with yet another important feature of the human nervous
system: its massive parallelism. Although thousands of neu-
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Fig. 3. THE META-NEURON ABSTRACTION
Hundreds of individual neurons often work in parallel to perform a single
macroscopic function. The hundreds of individual alpha motor neurons
which drive a muscle (A), for instance, can be modeled by a single meta-neu-
ron (B) that is responsible for driving that muscle. To minimize the loss of
information in the abstraction, the output of a meta-neuron represents the av-
erage activity of the individual neurons it emulates.

rons may be involved in even the simplest human reflex, ogiires that the processor itself:

limited knowledge of their individual functions requires us to
lump them into far fewer emulation units. For example, it is be-
yond our current understanding to model the many alpha motor
neurons driving the many muscle fibers of a single muscle. We
therefore combine these neurons into a single emulatioh unit
We call these emulation unitseta-neuros; they may model

» be capable of running complex algorithms
that generate new meta-neuron output val-
ues at a rate of 1 kHz (approximating the up-
per bound of the biological system);

* be readily programmable in a high level lan-
guage (for development of meta-neuron al-

any number of actual neurons that work in parallel. In order to gorithms); and

minimize the loss of information in the abstraction, the values e be able to interface with the Anthroform

passed between meta-neurons should represent the average ac- Arm Manipu|ator (for sensory inputs and

tivity of the individual neurons they emulate. The meta-neuron motor outputs).

concept is illustrated graphically in Fig. 3. In order to understand the computational requirements of the
above constraints we must first evaluate roughly how much
computation per meta-neuron is required. We estimate that
The design philosophy we have adhered to in the develgpeta-neurons will require on the order of 10 “typical” proces-

Ill. ARCHITECTURAL ISSUES

ment of this project is sor instructions per input in order to calculate the output value.
1. to design a human arm replica and control system  If the system is to fully interconnect N meta-neuforeach
that is based on known facts from human biome- one will have N-1 inputs. Since each meta-neuron output must
chanics and neurophysiology; and be calculated from these inputs once every 1 millisecond, the
2. to create engineering solutions to fill gaps that processing load will be approximately:
exist in this knowledge and make the system trac- inputs instr
table. (N-1) meta-neuron input N MIPS
The known facts and engineering solutions presented in the 1msec D160 (reaneurod

previous section go a long way toward defining the Anthro- 6 , instr 3, instr
form Neural Controller hardware. In this section we outline theMIPS ( Millons'of Instructions PerSecojd = 10° (__~) = 10° ()

remaining system constraints; namely the end uses and resuliz, order to implement the stretch reflex of Fig. 2 we will

ing computational requirements of our system. need three meta-neurons for every muschssuming 7 de-

Fees—of-freedom, and an antagonist pair of muscles for each
bed for the development of meta-neuron algorithms. This r§e- g P

4. To prevent artificially limiting the number of interconnections, we must
3. A similar abstraction was used in Fig. 2 where a single white pentagsapport a fully-connected network in which each node has a direct connection
represented many alpha motor neurons working in parallel. to every other.
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Fig. 1. Rom BIoLOGY TO THE ANTHROFORM BIOROBOTICARM
The current design of the Anthroform Neural Controller will model the ac-
tivity of the human nervous system residing in the spinal cord. Higher level
control will be provided by an interface to a workstation.

the physical structure of the biological system.

In order to free the processors for execution of neuron mod-
els, connections between simulated neurons are maintained in
hardware over a special purpose bus that we call the Neural
Broadcast Bus, or NBbus. At first, these neuron models will
provide only low-level reflexive control; higher level control
signals will be provided by an NBbus interface to a worksta-
tion. However, in the future we hope to better model high level
control with an adaptive motor program generator. The overall
system structure and its mapping to the biological system is
shown in Fig. 1. This paper focuses on the development of the
Anthroform Neural Controller hardware. The software neuron
models that run on this hardware will be the subject of future
research.

Il. NEUROPHYSIOLOGYBACKGROUND

In this section we introduce some important features of a
typical neural circuitin order to gain an understanding of the
end use of the Anthroform Neural Controller. We then go on to
outline the structural characteristics of the human nervous sys-
tem and how they guided the development of our design.
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Spinal
Segment

(1) Passive stretch

(7) Resulting resistance Joint

(O = Dorsal Root Ganglia Neurons: bringdfferentsensory signals

O = Alpha Motor Neurons: send oefferentsignals to muscle fibers

@ ='la’ Inhibitory Interneurons: inhibit antagonist alpha motor neurons
@ = Muscle Spindles: transduce muscle stretch and rate of stretch

Fig. 2. THE STRETCH REFLEX

Stretching a muscle with an external force (1) causes the spindles to activate
neurons in the dorsal root ganglia (2). These neurons then activate the alpha
motor neurons of the same muscle (3) and those of the synergist muscle(s)
(4) as well as activating the ‘la’ inhibitory interneurons (5). The interneurons
then inhibit the alpha motor neurons of the antagonist muscle(s) (6). The
stretch is thereby resisted (7) as the flexor muscles tighten and the extensor
muscle relaxes. Each of the neuron symbols in the figure represents hundreds
of individual neurons acting in parallel.

The stretch reflexshown in Fig. 2 is an important neuralrons associated with the perturbed muscle. In additiorgfthe

circuit, and one we plan to emulate on the Anthroform Neurfdrentsignals activate the motor neurons of synergist muscles
Controller. This spinal reflex contributes to posture maintend the ‘la’ inhibitory interneurons. The interneurons in turn
nance by resisting muscle length perturbations. It functions iadibit the hundreds of alpha motor neurons of the antagonist
follows: when the joint is displaced by an external force, the rezuscles. The activated and inhibited motor neurons then pass
sulting elongation of the many spindles within a muscle causéir signals to the appropriate muscle fibers within the mus-
the associate@fferent dorsal root ganglia neurons to fire.cles. The net result is to contract the stretched muscle and its
These signals are propagated up to a spinal cord segmgmergists, and relax the antagonist muscles, thereby resisting
where they activate the hundredsefferentalpha motor neu- the perturbation. As a result of being processed locally in the
spinal cord, the reaction time of this reflex is on the order of 40
1. We use “neuratircuit’ to mean a biological network of neurons sinceMilliseconds (as opposed to 120+ milliseconds for signals

“neuralnetwork now connotes a computation method. passing through conscious control in the cortex) [5].

2. Informally referred to as the “knee jerk” reflex. The neurons described above are the basic foundation of the
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Abstract—Existing robotic manipulator and controller designs
compare unfavorably to the human arm when performing tasks
in unstructured environments. So-called “anthropomorphic” de-
signs have tried to improve robot performance in these domains
by replicating the kinematic structure of the human arm while
continuing to use traditional actuation and control techniques. In
this paper we describe a versatile parallel computing architecture
for emulating the spinal circuits of the human nervous system.
When used in conjunction with a dynamically realistic replica of
the human arm, this controller will provide a versatile tool for
studying human moto-sensory control. The design is based on the

troller will be a necessary (but not sufficient) condition to show
that the model is indeed descriptive of a function of the human
motor control system. However, this is only true to the extent
that the arm’s dynamics accurately model the human muscu-
loskeletal system. For the Anthroform Biorobotic Arm to be
useful as a test bed for neural control models, it is crucial that
it have a high level of biomechanical accuracy. To attain this
accuracy, Prof. Jack Winters of Catholic University of America
[3] is using the elements of Table 1 below to develop our hu-

structural constraints of the nervous system, and consists of a spe-
cial purpose digital bus which implements connections between
simulated neurons running on TMS 320C30 digital signal proces-

Anthroform
Arm Manipulator

Biological

System Comments

sors (DSPs). The system supports up to 1024 individual neuron

Bones Fiberglass links Cast from real human bones

models, each connected to every other at least once every millisec

Joints Joint replacements Developed for reconstructive surgery

ond. These neuron models may be distributed over as many as 25
processor circuit cards, each supporting an interface for high lev-

Tendons Nylon/fabric braid Specially tuned for dynamic properties

el control from a host and another for input and output functions.

Muscles “McKibben” pneumatic

artificial muscles

Shorten and widen when air pressure inflgtes
a rubber bladder surrounded by a helical

|. INTRODUCTION

nylon mesh [4]

Table 1: EEMENTS OF THEANTHROFORMARM MANIPULATOR

Standard industrial robot manipulator arms have been de-

signed for precise positioning in highly structured and con-
strained environments. The development of robotic and teletirg
botic systems for use in unstructured environments has the

&

fore been a significant challenge, and not altogether a succ
Because the human arm performs so well in these domai
“anthropomorphic” designs have become increasingly popul

Such designs have traditionally focused on replicating the ki-
nematic relationships of manipulator links and joints, and hayd

neglected actuator, dynamic, and control aspects [1][2].
The Anthroform Biorobotic Arm project is an attempt t

build an anthropomorphic robot such that both the manipulat;

&

and its controller are based on current knowledge of hum
biomechanics and neurophysiology. The project is divided i

(0)

an arm replica. All of these elements are attached at anatom-
lly appropriate positions, and each has static and dynamic
Fiaracteristics which make it a good model of the biological
ﬁgu‘ivalent. Together they form a highly anthropomorphic 7 de-
ee-of-freedom manipulator.

The Anthroform Neural Controller is the control technology
unterpart to the Anthroform Arm Manipulator. Through a
combination of specialized hardware and software, it serves to
simulate the activity of spinal neurons and their interconnec-
ns. The major elements of the controller architecture are
own in Table 2 below. The hardware design constraints were

two subprojects; the Anthroform Arm Manipulator and the An
throform Neural Controller. The primary goal in the develop

ment of these subprojects is to produce an accurate test beg
studying theories of neural control. In addition, however, th

to

-Biological Anthroform Comments

_ System Neural Controller

I Neuron Software neuron models| Run on TMS320C30 digital signal procgss-

éell bodieq ing (DSP) chips

Anthroform Biorobotic Arm will represent a very humanlike

Axons and] Neural Broadcast Bus

dendrites

Special purpose digital bus which forms
connected network of neuron models

fully

manipulator with “natural” kinematics and dynamics, allowin

possible applications ranging from teleoperation to prosthetic

limbs.

Successful control of the Anthroform Arm Manipulator by a, . . . .
(lefined by the known (and relatively invariant) structural con-

neuron model implemented on the Anthroform Neural Co

This research was supported by the National Science Foundation Presi
tial Young Investigator Award and by the Office of Naval Research.

Table 2: EEMENTS OF THEANTHROFORM NEURAL CONTROLLER

straints of the human nervous system (e.g., the connectivity
and rate of information flow). In this way, the constraints im-

JRqased by the hardware in our system match those imposed by



