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-Signal generator for modelling dynamical system behaviour.

FIELD OF THE INVENTION

| The invention relates to a signal generator for controllably implementing a
dynamic signal behaviour. The generator comprises a receiving section for receiving a .
plurality of input signals. The receiving section includes differentiat_ing means for creating a
derivative of at least a selective one of the input signals with respect to an independent

variable. The generator further comprises a mapping section with mapping inputs coupied to

the receiving section for receiving the derivative and selective ones of the input signals, and
with one or more mapping outputs for supplying a further plurality of output signals. The
mapping section is operative to associate the received derivative and selective ones of the
input signals with the output signals. The invention also relates to a method of enabling
creating a dynamic signal behaviour.

BACKGROUND ART _

A signal generator for controllably implementing a dynamic signal behavxour is
typlcally used to control a dynamical system, e.g., a navigational aid in an automatic
destination approach system of an aircraft, or to emulate a dynamical system, e.g., a
semiconductor device, or as a model to simulate, e.g., a biological organism. The signal
generation is based on a model.of the dynamical system to be controlied, emulated or
simulated. . . |

| Dynamical systems can be modelled in a variety of ways. For example, one
could sample the quantities descriptive of the development of the process or the device to be
modelled and cast the results into the format of a look-up table. A look-up table necessarily
is of a discrete nature. Hence, if a high-resolution representation is desired, the model
designer has to consider a vast amount of data. |

Also, one could create a mathematical model such as a set of dxfferenual
equations and thereupon map the model onto suitable hardware or software. Behaviour of
realistic and .dynamic processes or devices typically includes specific dependencies and
interdependencies that, due to their complexity, cause massive trouble to the designer when
they have to be modelled in hardware: e.g., non-linearities, multiple dimensions, implicit
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dependence on dependent variables, or when they have to modelled in software: e.g.,

numerical _stability, required processing power and processing time in operational use. Each

such dynamic process or device to be modelled has its own peculiarities that hamper a
generic approach to the modelling problem, thus rendering conventional modelling rather
expensive and time-consuming.

Alternatively, one could train a neural network w1th the help of training
examples obtained from monitoring the actual dynamical system so that after training the
neural network behaves to some extent in a similar _manhér as the dynamical system. Often,
however, the architecture of the network suitable for the joﬁ is unknown in advance. Also, it
is not straightforward how to implement dynamical behavio'ur_by way of a neural net.

In "Approximation of Dynamical Systems by Continuous Time recurrent Neural

* Networks" by K.-I. Funahashi et al., Neural Networks Vol. 6, pp. 801-809, 1993, the

authors consider a neural network as a model for a dynamical system. The dynamical system
is of the type dx/dt = F(x), wherein x is a vector defining the N-dimensional state of the
system, "t" is the independent variable, for examplé “time", and wherein F is a vector -
function defining the rate of change of the vector x. According to Funahashi et al. the
behaviour of a continuous time recurrent neural network with N output units can be made to
approximate any finite time trajectory of the given N-dimensional dynémiml system. The
phrase "time recurrent neural network” is another expresSion' for a network with an arbitrary
interconnection pattem am_o'ﬁg thé neurons. The proof of the statement relies on a theorem
stating that an arbitrary continuous mapping from R"'into R™ can be approximated to an
arbitrarily high accuracy bya linear combination of a sufﬁcxently large number of (non-
linear) neuron transfer funcuons :

Funahashi et al. merely demonstrate the existence of an equivalent neural net

for a particular type of dynamical system, namely one that can be described by an

autonomous differential equation. Funahashi et al. do not disclose how such a neural net
model is to be created for an actual system to be modelled. The restriction to behaviour of
the type dx,ldt = F(x) excludes from consideration those 'syStéms that receive input from
external sources, or systems with explicit time dependencies. The néutal net of Funahashi et
al. is an approximation of the system’s dynamical behaviour essentially in a finite time

U.S. Patent 5,200,898, enclosed herein by way of reference, discloses a motor
management system for use in a motor vehicle and that reads on the generator as specified in
the preamble. The prior art syStem includes an adaptive neural net. The net is supplied with
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input signals that represent sensed quantities such as engine speed temperature, and throttle
valve opemng in order {0 prowde output signals for control of the automatic transmission and
the fuel mJec_non system. In Fig. 2 of this prior art reference, the neural net is shown to _
receive input signals 8, d/dt[6] and d%/dt2[6] that stand for the throttle valve opening and its
first and second time-dcrivatives The net is used for predicting the throttle valve opening
based on the sensed opening and its rate of change in order to reduce transmission shocks.
The predicted thronle valve opening is supplied to a CPU to be compared with the actual
opening valid at the moment that the prediction i is supposed to hold true. If the dxscrepancy
between predxcted and actual value is larger than a pre-determined threshold, the neural net

is enabled to adapt itself to glve better prediction. The prediction is eventually used to carry
out the motor management task.

OBJECT OF THE INVENTION

It is an object of the mventmn 1o provide a signal generator for 1mplemennng a
large variety of types of dynamic system behaviour, including behaviour affected by external
sources, using a uniform architecture. Itis a further object to use commercially available

hardware as a generic building block to implement general types of dynamic behaviour.

SUMMARY OF THE INVENTION |
To this end, the mvennon provides a 51gnal generator as specified in the

preamble and characterized in that the generator includes a feedback path between the

mapping outputs and the receiving section for supplying at least a selective one of the output
signals to the mapping section via the receiving section.

| The _im)ention_is based on the following insight. The mapping of the mapping
inputs onto the mapping outputs is accomplished according to, e.g., a mathematical
correspondence, and basically is associating speclﬁc values of the mapping outputs to given
values of the mapping inputs in accordance with speclﬁed rules. The mapping is defined on a
domain that in principle is the function space spanned by the mapping inputs. Constraining
the niappfng inputs by way of feedback, forces the mapping inputs and the mapping outputs
to remain in a sub-space, i.e., a hyper-surface contained in the aforesaid space. As some of
the mapping inputs are denvanves of other mapping inputs, e.g., tlme derivatives, the sub-
space implicitly defines a functional relationship in the form of one or more differential
equations. Essentially, the differential equation is determined by the character of the
mathematical mapping function, the operands of the differentiating means, and the
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mterconnectmty pattem of the feedback paths A suitable choice of the mapprng operator,
the differentiating operands and the feedback paths provrdes a signal generator that
implements the dynamrc behavrour of a dynamlcal system specxﬁed by the differential
equations. N - |

| Note that the system drsclosed in U.S. Patent 5, 200 898 does not include a
feedback path to re-supply an output s1gnal or its nme derxvatlve to an input of the mappmg
section, but furmshes the output srgnal to a CPU in order to compare it with an actual input
signal for deternumng whether or not the system s neural net needs to be updated.

The recelvmg section may be operative to receive one or more specific ones of
the input signals from a signal source external to the generator, thus Iakmg account of
external sources driving the dynamical system modelled.

The mapping section compnses, for ‘example, a look-up table. The only

_requrrement imposed on the mapping section is that the table maps input values onto output

values according to a specific functxon, thus greatly srmphfymg the desrgn Alternatrvely, the
mapping section includes a neural network, trarned to perform the mapping. As known;
three-layered perceptrons can be designed to implement_any kind of non-pathologic mapping
from inputs to outputs._ Also, neural nets may provide a continuous mapping, whereas a look-
up table necessarily is restricted to a map of a discrete set onto (another) discrete set. In
another embodiment, the mapping section compnses a logic gate array implementing the
mapping in a Boolean representatlon Gate arrays are well known electromc building blocks
whose gate densities are enormous nowadays and whose operanon 1s much faster than that of
memories. Such gate arrays could be of the programmable or re-programmable type. In still
another embodiment, the mapping secuon includes a processor based on fuzzy logic. In the
fuzzy logrc approach a model is represented in quahtauve terms only, and the mapping can

be fully specified wrth help of a small number of parameters

Preferably, the generator is programmable with respect to at least one of the
followmg features: a selecuon of specrfic ones of the 1nput srgnals to be operated upon by the
drfferenuatmg means; the mappmg of the mapping mputs onto the mappmg outputs,
selection of spectﬁc ones of the output srgnals to be coupled to the receiving section via the
feedback path; or the nodes to be mterconnected through the feedback- paths themselves.

Such a programmable signal generator isa genenc bulldmg block suitable for being
custorized for a wide vanety of apphcatxons o '

Preferably, the generator is 1mplemented in digital electronic or optical
circuitry. Advantages of drgxtal embodiments relate to the fact that general-purpose ICs are
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readily available to lmplement the required functionalities in electromc versions, to the
support of a modular archltecture, to high computational spéed and to a robust accuracy that
can hardly be achieved by analog circuitry. Note that for analog circuitry noise immunity is
low, arbitrary high- precisibn is not possible and that there is no reliable analog non-volatile
memory technology available. For digital neural nets, see, e.g., U.S. Patents 4,994,982
(PHF 87,610) and 5,293,459 (PHF 88,638) incorporated herein by way of reference.

Also, the required functionalities can be fully implemented in software.
Therefore, the invention also prow}ides a method of enabling ciut_ing a dynamic signal
behaviour. The method co':ixprise_s: providing a plurality of input signals; supplying at least a
selective one of the input signals to digital circuitry for providing a derivative of the selective
input si_ghal vﬁth respect to an indepehdent variable; and supplying the derivative and
selective ones of the input signals to further digital circuitry for creating one or more output
signals according to a mathematical correspondence. The method is characterized by using at
least a selective one of the output signais ora derivétive of the selecti.ve output signal as
input signal for supply to at least the digital circuitry or the further digital circuitry.

BRIEF DESCRIPTION OF THE DRAWING :

The invention is explained below in further detail by way of example and with
reference to the accompanymg drawing, wherein:

Fig. 1 gives a first block diagram of a generator of the invention; and

Fig. 2 gives a second block diagram of a generator of the invention.

Vector quantities are indicated in the text by bold type characters. Throughout
the drawing, similar or corresponding parts are indicated by identical reference numerals.

DETAILED EMBODIMENTS
Fig. 1 is a block diagram of a generator 100 in the invention. Generatdr 100

comprises a mapping section 102 for mapping of ihput_s h,, b;, €1, &, C3, dy, dy, d3, €; and
e, onto outputs F,, F,, F,, F, and Fs according to a mapping function F. Generator 100 also
includes feedback paths 104, 106, 108, 110 and 112 from specific ones of the outputs to
specific ones of the mputs of mappmg secnon 102. Generator 100 further mcludes
dxffe;ennanng means 114, 116, 118 and 120. It is explained below how generator 100 is
created and how it serves to model a dynamical system. |

" A general type of dynamical systém is represeﬁted by a set of differential
equations, e.g., in an implicit form o
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()] f(u, u’; X, x’,'y)=0
wherein: | | |
- u is the system input vector depending on a parameter "t" and has dimension n,;
- w’ is the system input vector u differentiated with respect to an independent variable "t"
and has dimension ny; “t* is interpreted as "time"' within the context of dynamical systems;
however, "t" could be consldered any mdependent vanable, such as position“, occurring m
the dlfferenual equatlons @;
- x is the system state vector mdxcanve of the actual state of the system and has dlmenslon
A _ _
- X’ is the system state vector differentiated with respect to mdependent vanable "t" and has
dimension n,; _
- y is the system output vector and has dimension ny _
-fisa multxvanate vector funcnon of dimension ng, f-o deﬁmng an 1mphc1t relauonstup
between the aforesaid system vectors.

Now, suppose that mappmg section 102 maps mutually mdependent input-
vectors a, b, ¢, d and e onto an output vector F according to:

@) F = Fa, b, c, d, ).

Vectors a, b, ¢, d and e have dlmenslonahty n,, n,, nx, n, and ny, respecnvely In the
example illustrated by Fig. 1, n,=1, n,=3, n, =2 and nf-S Mapping section 102 i 1s, for
mstance, a look-up table or a neural net. As known, neural nets, spe_c:ﬁcally multi-layered
feed-forward neural nets can be trained to perform an arbitrary mapping. In addition,
suppose that function F is: | _ |

Gi) F= (f@,b,c, d, e, OT + (c, o),
wherein f is the multivariate function introduced above in (i). The subsidiary vector 0 in the
expression for F is mtroduced in case one has to take mto account the proper number of |
componems so that the addmon in (iii) makes sense. That ts, if ny + n, is larger than ny,
thenasubsxdxaryvector()thhnf (n, +n )componentsts_tobeused Ifn, + n, is

 smaller than ng, the substdlary vector 0 is ‘omitted and a number of n¢ - (nx + n,) dummy

vanables are added to vector e mstead in effect increasing the dxmensxonahty of vector e.
Note that the dummy vana.bles do not appw in the functional relatlonshtp forf.

So far, the vector arguments in functxon F as defined in (iif) are not specified.
Mapping section 102 thus provides a general type of mapping operating on mput vectors a,
b,c, d aud e. These input vectors are not constrained to a particular part of the vector space
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and are not interdependent. Now, supvose that particular components of vector F defined in
equation (iii) which are providud at the output of mapping Séction 102 are fed back to
particular inputs of mapping section 102. More specifically, suppose that the following
feedback paths are created. Component F; of vector F is fed back to the input for component
¢; of vector ¢ via path 104. Component F, of vector F is fed back to the input for
component ¢, of vector ¢ via path 106. Component F; of vector F is fed back to the input -
for component c; of vector ¢ via path 108. Component F, of vector F is fed back to the
input for component e, of vector e via path 110. Component F; of vector F is fed back to
the input for component e, of vector e via path 112. Then, as a resuit, the following
constraints are made: F;=c,, F,=¢,, F3=c¢;, F;=¢, and F5=¢,. Owing to the special
choice of F according to (iii), the constraints force the inputs of mapping section 1G. o
comply with: f(a, b, ¢, d, ¢) = 0. Now, consider the presence of differentiators 114-120 at
inputs by, d,, d, and d;. Due to the aﬁangement of differentiators 11_4, 116, 118 and 120,

. the following relation holds true:

Gv) . - f(a,a’,c,c’,e)=0, .
wherein a’ is the derivative of a with respect to "t" and ¢ is the derivative of ¢ with respect
to “t". Interpreting the vector a as the system input vector u, the vector ¢ as system state
vector x and vector e as system output vector y completes the modelling. .

Mapping section 102 may comprise a simple look-up table as only a functional
relationship is to be implemented. Alternatively, mapping section 102 may comprise a neural
net, trained to implement the mapping. An adaptive neural net, i.c., a net that performs
updates, could be used if the generator in the invention is to adapt to a changing '
environment. For example, the system to be simulated, emulated or controlled is an internal
combustion engine that shows dynamic behaviour on two different time scales. The fastest
time scale is reflected by the rate of change of the response of the dynamic system when the
stimulus changes: e.g., the response of the engine to a change of the throttle. Slower time

~ scales may be represented by changing stimulus-response characteristics: e.g., a changing

throttle response due to an increase of the oil temperature, or to a change in barometric
pressure, or owing to wear. After a time period has elapsed that is characteristic of a slow
time scale, mapping section 102 of generator 100 has to be modified in order to provide the
appropriate mapping. This could be taken care of by appropriate introduction of a parameter
vector p into the expressions for function f: '

V) fu, v, x,x,y,p,p) =0,
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wherein p is a slowly changing vector function of the independent variable "t", and wherein

P’ is its derivative with respect to "t".

Fig. 2 is a block diagram of a processor 1200 according to the mvennon
Processor 200 is, for example, integrated as a controller in an apparatus 190 for executmg or
assisting in operational control of the apparatus 190. Processor 200 comprises mapping
section 102, discussed above, whose inputs a,-e; are coupled to an input bus 202 and whose
outputs F,-Fg are coupled to an output bus 204. Output bus 204 provides outputs F,-F; that
serve as the components of system state vector X, ard F, and Fj that serve as the
components of system output vector y. Bus 204 further routes outputs F;-F; to an entrance
206. Entrance 206 also receives system input vector ix, that in this example has only a single
component u, for the sake of simplicity. Outputs F;-Fs and input u, are supplied to a routing
device 208 directly via path 210 and mdxrectly through a differentiating device 212 via path
214. Dxfferennanng device 212 calculates the dérivatives of outputs F,-F; and input ul with
respect to a parameter "t". Routing device 208 selectively routes the quantities provided by
paths 210 and 214 to input bus 202. The distribution of signals among buses 202 and 204,
and the operation of routing device 208 is controlied by a controller 216.

Mapping section 102 includes a programmable device 218 that determines the
mapping of inputs a,-¢, onto outputs F,-F. Device 218 includes, for example, a

‘programmable rnemory for use as a look-up table, or a programmable logic gate array, or a

neural net. Device 218 may be programmable by the manufacturer so that the modular
structure of processor 200 can be used umformly in a large variety of applications. Device
218 could also be user-programmable to customize the operation of processor 200. In case of
device 218 containing a neural net, the net’s synaptic coefficients or other operational
parameters could be programmable or modifiable, or the interconnection pattem among the -

" neurons could be programmable or modifiable.

Similarly, controller 216 could be programmaible- so that processor 200 is
suitable for all kinds of signal routing over buses 202 and 204 to inputs a;-e, and from
outputs F,-Fs, and through entrance 206 directly or indirectly via differentiating device 212.

" Note that one or more of differentiators 114-120 could be replaced by
mtegrators for integrating the respective mput over the mdependent variable "t", to allow for
more intricate relationships. -
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CLAIMS:

1. . A signal generator for controllably implementing a dynamic signal
behaviour, the generator functionally comprising:

- a receiving section for receiving a plurality of input signals and comprising 'diff;rentiating
means for creating a derivative of at least a selective one of the input signals with respect to
an independent variable;

- a mapping section having mapping inputs coupled to the receiving section for receiving the
derivative and selective ones of the input signals, and having mapping outputs for supplying
a further plurality of output signals, the mapping section being operative to associate the
received derivative and selective ones of the input signals with the outi)ut signals;
characterized by: | _

- a feedback path between the mapping outputs and the receiving section for supplymg at
least a selective one of the output signals to the mapping section via the receiving section.
2. The generator of claim 1, wherein the receiving section is operative to
receive a specific one of the input signals from a signal source external to the genératbr.

3. The generator of claim 1, wherein the mapping section comprises at least
one of the following:

- a look-up table;

- a logic gate array;

- a neural network;

- a fuzzy processor.

4. The generator of claim 1, 2 or 3, wherein at least one of following
features is programmable or modifiable: |

- a selection of specific ones of the input signals to be operated upon by the differentiating
means;

- the mapping of the mapping inputs onto the mapping outputs;

- a selection of specific ones of the output signals to be coupled to the receiving section via
the feedback path. | |

S. An apparatus comprising a controller for operational control of the
apparatus, the controller comprising the generator of claim 1 or 2. /

T
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6. A method of enabling creating a dynamic signal behaviour, the method
comprising: |

- providing a plurality of input signals;

- supplying at least a selective one of the input signals to digital circuitry for prdviding a
derivative of the selective input signal with respect to an indepen&ent variable;

- supplying the derivative and's.e'leét'ive' ones of the input signals to further digital circuitry
for creating one or more output signals according to a mathematical correspondeiice;

characterized by:

- using at least a selective one of the output signals or a derivative of the selective output
signal as input signal for supply to at least the digital circuitry or the further digital circuitry.

o



