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Machine L earning Hyperparameter Estimation

The present invention relates to hyperparameter estimation. More in

particular, the present invention relates to a method and device for determining -

hyperparameters of classifiers in machine learning systems and applications.

Classifiers are used in machine leai‘ning systems to classify physical 'objeéts _

and/or their (typically digital) representations. Machine learning systems may, for

example, be used to assist fruit picking robots. The classifier of the machine learning
system is trained to distinguish ripe fruit (e.g. tomatoes) from unripe fruit. For each

fruit item, the classifier determines a set of parameters which are compared with

stored parameters in order to classify the items as “ripe” or “unripe”. The

classification process is, in turn, controlled by hyperparameters which determine, for
example, decision criteria such as threshold values.

Classifiers are typically trained using a training set prepared on the basis of
human input: an operator indicates the correct class‘iﬁcatibn for the items of the

training set. On the basis of these training data, the correct hyperparameters of the

classifier can be estimated.

Hyperparameters may be determined using various methods, for ‘examplé
heuristic or statistical optimisation methods. HoWever, many heuristic methods are
ad hoc methods, while not all statistical 6ptimisation methods are suitable for
determining hyperparameters. _

A particularly efficient yet relatively si_mplé method for estimating
parameters in general is the cross-entropy (CE) method. Tlﬁs iterative method
comprises the repeated steps of drawing, in a parameterised way, a random sample of
candidate'solutions, and updating the parameters on the basis of the random sample.
At the time of wﬁting, the paper “A Tutorial on the Cross-Entropy Method” by P.T.
de Boer et al. could be found at http://iew3.technion.ac.il/CE/tutor.php , said paper is
herewith incorporated in this document in its entirety.

Unfortunately, the cross-entropy method as described in the above-mentioned
paper is not suitable for determining hyperparameters. Determining optimal sets of

hyperparameter values is a difficult problem due to the extremely large size of the

search space: the optimal solution typically is a rare event. While the cross-entropy
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mPfhod-is-geared-toWardsfsamp'l'ing-rare-eVentfspaces—'itvis~not—a—priori~clear—hov5vﬁthe
process of drawing hyperparameter values can be parameterised, as the
hyperparameter samples are not classwal parametensed probability densxty functions.

~ Itis an object of the present invention to overcome these and other problems
of the Prior Art'and to provide a method and device for determlmng hyperparameters
which allow efficient ‘methods sumlar to the cross-entropy method to be utilized. |
- Accordingly, the present i invention provides a method of determining

hyperparameters of a classifierin a machine learning system by iteratively producmg

-an estimate of a target hyperparameter vector, each iteration comprising the steps of:

- drawing a random sample of hyperparameter vectors from a set of possible
hyperparameter vectors, and o
- »'-updating the eétimate of the target hyperparameter vectbr by using the
random sample » ’
the method being characterised in that each iteration comprises the step of:
- selectm_g from the random sample a hyperparameter vector producm__g the best

result in the present and any previous iterations,

and in that the step of updating the estimate of the target hyperparameter vector

involves said selected hyperparameter vector '
By selectmg from the random sample a or the hyperparameter vector

producing the best result in the present and any previous iterations, _and using said

selected hyperpafameter vector to update the estimate of the térget hyperparameter

vector, the properties of the best performing hyperparameters are used to guide the

next iteration. In this way, a method similar to the Cross-enfr,opy method can be used

 effectively for determining ;hyperpatameters, even when the hyperparameters are not

continuous and their effects are not transparent. _

o 'Ih the method of the ‘presen>t invention, hyperparameter vectors obtained
through randomly sampling a set of hyperparameter vectors are used to estlmate a.
desired (that is, target) hyperparameter vector to be used in the classxﬁer Each
hyperparameter vector preferably comprises two or more elements, that is

hyperparameters, but it is also possible for a’hyperparaméter ‘vector to contain only a

singlé hyperparameter. Although the samples are preferably completely random,

_ pseudo-random samples may be used instead. .
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In a preferred embodiment, the methdd according to the present invention
further cdmprises the steps of: V
- s_éjlecting from the random sample a ﬁlfther hyperparameter vector producing
the best result in any previous itei‘éti,(’)ns, and
- resﬁict’ing the random sample of hyperparameter vectors by using the further
selebted_ ’hyp_erparaineter vector. |

The step of restricting the raﬁ_do_m sample prefei'ably involves the use Aq'f an interval

surrounding the further selected hypérparamet_er vector which produces the best

result in any previous iteration. ‘
It is preferred that the step of restricting the random sample is carried out

prior to the step of determining the hyperparameter vector producing the best result -

in the present and any previous iterations. However, in alternative embodiments, the |
step of restricting the random sample is carried out during the step of updating the

‘estimate of the target hyperparameter vector.

In a preferred embodiment, E' is the :hyperparametér vector X, at iteration ¢

producing the best result S(X’; ) in the present-iteration ¢ and all previous iterations (if

~ any). The random sample X’; has elements X'y, while the step of updating the

hyperparameters comprises the step of determining the (target) hyperparameter v/,
where ‘

> HS(X!) 2 7 W (X} EDX,

t =l
v =

’

3 HSX) 2 7 W (XL EY)

wherein  is a threshold value, W is a weighting function and IfS(X{) >y} is an
indicator function which is equal to 1 if S(X;)) greater than or equal to the threshold
value ¥, and else is equal to 0. The weighting function W is preferably given by

- Ba-my
W(X';E)=1-—22

‘[i(x,;)z \/i(.E;)Z
z

j=1
Accordingly, the step of updating the hyperparameters may involve a weighting

function based upon a distance function, preferably a Euclidean distance function. It
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is—ndfed.that.when.the.Eﬁelidean-distance.befwe_en,,Ei:anng_is-zero,.the_weighting
function W is equal to one. ' ' | '
- The method accordlng to the present invention is typlcally carned out by

._ct)mputer apparatus, for example a general purpose computer system comprising a

processor and an associated memory, one pai't of the memory storing a software
program for instructing the processor to carry out the method steps of the present |
invention, and another pal’c of the memory storing data, said data comprising the
hyperparameter values referred to above. '

The present invention also provides a computer program product for carrying

out the method as defined above. A computer program product may comprise a. set of

computer executable instructions stored on a data carrier, such asaCD ora DVD.
‘The set of computer executable mstructlons which allows a programmable computer
to carry out the method as defined above, may also be available for downloading

from a remote server, for example via the Internet _

The present invention additionally provides a classifier for use in a machine.
'learning system, the classifier being arranged for using hyperparameters as control
parameters, wherem the hyperparameters have been determined by the method |
according to any of the preceding claims. The classxﬁer is preferably embodied in
software, but may also be embodied in hardware, orin a combination of hardware
and software.

. The present invention st111 further prowdes a dev1ce for deterrmmng
hyperparameters of a classifier in a machme learmng system, the device comprising a |
processor arranged for iteratively producing estimates of a target hyperparameter
vector, each iteration comprising the 's_téps of | ,

- drawing a random sample of hyperparameter vectors from a set.of possible
hyperparameter vectors, and ' |
- 'updating the estimate of the target hyperparameter vector by usmg  the
random sample, - '
the device being characterised in that the processor is arranged such that each
1terat10n comprises the step of: _
- selecting from the random sample a hyperparameter vector producing the best

result in the present iteration and any previous iterations, and
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in that the step of updating the estimate of the target hyperparameter vector involves

said selected hyperparameter vector.
The processor may be arranged for carrying out the steps mentioned above by

prov1d1ng a suitable software program in the memory associated with the processor.

Alternatively, or addltxonally, the processor may be designed specifically to carry out

the steps mentioned above.

A machine learning system compnsmg a dev1ce as defined above and/or
arranged for carrylng out the method as. deﬁned above is also prov1ded by the present
invention. The machine learning system may comprise hardware and/or software |

components.

“The present invention will further be explained below with reference to
exemplary embodiments illustrated in the accompanying drawings, in which:

Fig. 1 schematically shows a classifier having hyperparameters as input
control variables. -

Fig. 2 schematically shows a device for determiniﬁg hyperparameters
according to the present invention. N |

Fig. 3 schematically shows a machine learning system according to the

present invention.

The classifier (C) 1 shown schematically in Fig. 1 receives feature data FD

~ and hyperparameters HP, and produces classification data CD. The feature data FD
‘may include image data produced by a CCD (Charge Coupled Device) array or other

light-sensitive device. Additionally, the feature data FD may include sound data or
data concerning database items, such as library data (book numbers and titles). The
classifier may be constituted by an apparatus (hardware embodiment), but is

preferably constituted by a software program running on a computer apparatus, for
example a general purpose computer (“personal computer”), a dedicated computer,

or other suitable apparatus.
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The classifier 1 is- capable of classifying- the 1tems represented by- the mput
feature data FD. The feature data FD typically comprise parameters of the items, for -
example their size and/or colour in the case of fruit or machine parts. Under control

of the hyperparameters HP the items are each assrgned toa class for example “npe”
in the case of fruit. At least two dlfferent classes are used, and typlcally an- ltem is

.ass1gned to one class only

The hyperparameters HP determme the decls1on functlon of the classxﬁer that
classifies 1tems For example, when thls functlon is based upon thresholdmg, ltems
producing an aggregate value (denved from the feature values) equal to or greater
than the threshold are assigned to class A while items producing a value Smaller than

the threshold are assigned to class B. It is noted that other classlﬁcatlon techmques

_ may be used as well.

Apphcatlons of the classrﬁer 1 include plckmg fruit, sorting parts (e g

: machme parts), classifying books, selectmg songs, recognising adult video ‘material,

detectmg darnage, etc..
The present 1nv_e_nt_i_on allows a method similar to the cross-entropy (CE)

method to be used for estimating and deter'rnining hyperparameters To this end, the

present invention proposes to include a memory facility into-the algorithm by
preserving samples which produce a good result (the result being defined by a
suitable fuhcti‘on such as a loss function) Additionally, or alternatively, the
samphng of candidate hyperparameter settings is made dependent on the '

'(hyper)parameter vector updated by the algonthrn and/or a suitably welghtlng

- function (also known as “change of measure” or “likelihood ratio” in the CE

algorithm) guiding the search process should bé provided. |

The method of the present invention uses parameters N, p and x which are
typically predetermined. It is hoted that these parameters may be thought of as |
hyperparameters of the method but are distinct from the hyperparamet'ers to be
determined by the method. The parameter N 'represents -the number of random draws;
the parameter N may for example be equal to 10, 100 or 1000.

In the iterations a parameter 7 is used which represents the size of each data
vector, that i 1s, the number o_f elements Xj; of each hyperparameter vector X; of the set

of _possible hyperparameter vectors. The parameter n rnay for c,xample be equal to 5,
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10 or 100, although other numbers are also possible. The parameter p represents a
fraction and may have a value rangmg from 0.2 to 0.01, although other values may

also be used The width parameter 75 whlch will be explamed in more detall below _
indicates a preferred samphng interval.

The 1mt1al set of target hyperparameters the hyperparameter. vector u, can
typically be chosen arbltranly Each estlmated (target) hyperparameter vector v at

»pomt m t1me (or 1terat10n number) t consists of hyperparameters v’

‘In the present invention, the “best” hyperparameter vector v of 1teratrons I..
is kept for use in the next iteration and is denoted E'. This “best” (or “elitist™)
hyperparameter vector is found using a function S(X) which mey be a loss function
or any other suitable function producing a result value based upon X', The value of '

- S(X) may also be viewed as an importance measure. The value of X’ corresponding

with the maximum value of S(X’) is denoted argmax S(X"). In addition, the values of
S(X') are ranked and a_re’used to determine a threshold ¥, involving p and N to
determine the ((1-p)N)™ value of the ranked values of S(X). It is noted that the
number ((1-p)N) is not necessarlly an integer and is therefore rounded up, expressed
mathematleally as |—((1-p)N1 |

Subsequently, the (target) hyperparameters are determined using an .
expression involving indicator functions /, {SOC'i) >/} and weighting functlons
W(X,;E). The 1nd1cat10n functions are equal to 1 when S(X") 2 / and equal to O when
S(X'J< 7. The welghtmg functions W(X;E), also known as “change of measure”
functrons have the data vector elements Xi (actually X)) and E' as mput variables.
This implies that the best data vector E" of the present iteration is used to determine
the (target) hyperparameters ‘

The weighting funetlon WX E‘) is preferably defined as:

. e
W(XHE') =1-——tiee

Jz(xg)’ I3y

)

J=1 Jj=
This function produces a value of 1 when the Euclidean distance between a sample

and the “best” sample is 0.
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Accordingly,-a preferred embodlment of the-method-according to. the -present

mventlon compnses the following steps

1. - Choose initial parameters N, p: and pand generate an 1mt1a1 (target)
hyperparameter vector u. _ _ '

2. LetV'=FE'=u and set iteration number t=1.
3. Ge'rierate a random sample X’ J X‘n of hyperparameters drawn from a

_(glven) set of pos31ble hyperparameters The random sample preferably 1s
restricted by v/ Compute the _performance.S(X‘.) for every value of i and
rank the results: S; ) S oo SS(n). Compute ¥ = Spercentite and compute E'=

| argmax Vier..if. ' |

4. Forevery (target) hyperparameter v/ let

ZI{S(X’P 4 }W(Xf;E')_Xf
=g @
ZI{S(X )>7 WOCSE)

5. Let ¢ := ¢t+1, repeat from step 3 until the stoppmg condition is met.

 ‘The final set v of j (target) hyperparameters v; is the desired optimal set.

" By using the best :sample_E_t 7 in hyperparameter estimation / update formula
(2), the better results are rei_nforceri, leading'to amore efficient convergence of the
method. In addition, discontinuity problems associated with hyperparameters are
overcome by the method of the present invention. |

The stopping crltenon (or condrtlon) is preferably a non-changmg value of -

the parameter 7 ,dunng a number of iterations, but could also be a threshold value.

~ The value Spercentite 1S determined using the ((1 -p)N)™ value of §'in the ranking S,

< ... 8, where rounding up may be used if this value is not an integer. The
weighting function W(X *;E) used in formula (2) is preferably defined by formula (1)
above.

The method of the present invention may be summarized as denvmg a target
hyperparameter vector from a random sample of hyperparameter vectors while
takmg the performance of the hyperparameters of the random sample into account.

The restriction which rnay be applied when generatmg a random sample at

time ¢ in step 3 may be defined by the interval:
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X
= A ) ®)

where uis a width parameter. and wwxn denoted multlphcatron If the sample X hes

- within thlS mterval 1ts d1stance relatlve to the best sample Efjof the prewous

iteration is limited to the value of M ltis noted that the use of th1s mterval is

preferred but not essential as the method of the present invention could be camed out

without usmg this 1nterval S s - " ', S
The dewce 2 for deterrnlmng hyperpara.meters compnses a processor (pP) 21

and an assoclated memory (M) 22 The memory stores both mstructlons for the

processor and data. The device 2 receives parameters P (more in general feature -

data), such as the parameters p and ;2 mentioned above, and outputs hyperparameters -
HP. The stored instructions allow the ;proc_eSsOr to carry out the method according to
tlle‘present invention. | =

The machine learning system 10 shown merely by way of non-limiting
example in Fig. 3 comprises a class1ﬁer (C) 1 and a device (H) 2 for determining

hyperparameters. The machine learmng system 10 may further comprise at least one.

sensor (S) 3 and a display screen (D) 4. The sensor 3 serves to collect data while the

display screen 4 serveé to display classification result and other data.

The pr_eserit invention is based upon the insight that methods similar to the
cross-entropy method can be adapted for hyperparameter estimation by adding a best
performance preservation feature. The present invention benefits from the additional
insight that the best performance in a particular iteration may be preserved by
restricting-._the sample using the best performance of the previous iterations.

It is noted that any terms used in this document should not be construed so as
to limit the scope of the present invention. In particular, the words “comprise(s)” and
“comprising” are not meant to exclude any elements not specifically stated. Single

(circuit) elements may be substituted with multiple (circuit) elements or with their

‘equivalents.

It will be understood by those skilled in the art that the present invention is
not limited to the embodiments illustrated above and that many modifications and
additions may be made without departing from the scope of the invention as defined

in the appending claims."
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Claims

. A method of determining, hyperparameters (HP) of a classifier (1) ina
machine learmng system (10) by 1terat1vely produclng an estlmate of a target
hyperparameter vector, each iteration compnsmg the steps of: ,
drawmg a randorn sample of hyperparameter vectors ﬁ'om a set of possible
hyperparameter vectors and S :
- updatmg the estlmate of the target hyperparameter vector by usmg the -
random sample, ' .
the method being characterised in that each iteration comprises the step of:
- selecting from the random sample a hyperparameter vector producing the best
result in the present and any previous iterations, | |
and in that the step of updating the estimate of the target hyperparameter vector

involves said selected hyperparameter vector.

2. The method according to claim 1, further comprising the steps of:

- selectinga fur_ther‘_hyperparameter-vector producing the best result in any
previous iterations, and |
- restricting the random sample of hyperparameter vectors by using the further

selected hyperparameter véctor.

3. ‘The method according to claim 2, wherein the step of restricting the random
sample of hyperparameter vectors involves using an interval surrounding the further

selected hyperparameter vector.

4. The method according to claim 2 or 3, wherein the step of restricting the
random sample of hyperparameter vectors is carried out prior to the step of selecting
the hyperparameter vector producing the best result in the present and any previous

iterations.
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5 The _method-accbrdingio_claim_Z_orv_B,-wherein-thest_ep-oﬁrcs,txicting-the
random sample of hyperparameter vectors is carried out during the step of updating

-the estimate of the target hyperparameter vector.

6. - The method accordmg to any of the precedmg clalms, wherem the step of

updatmg the estimate of the hyperparameter vector mvolves a welghtmg functlon

-17. The method aécOrding_ to any of the preceding _dlaims, wherein E' is the
selected hyperparameter vector X;at iteration ¢ producipg the best rcs_tﬂt_S(X‘,- ), the
‘selected hyperparameter vector X; having elements X'y, wherein the step of updating

the estimate of the target hyperparameter vector c'o,mpl_'ises the step of determining
the hyperparameter v/, where ' | '
ZI{S(X )>}’ W(X[;ENX;

- 1—1
V.j —

ZI{S(X )2y }W(X:',E')

i=l

‘wherein # is a threshold value and Wis a Weightin_g function.

8. The method according to claim 7, wherein the wéjightin_'g flmctlon Wis given ‘

Ji(Xf. _E?)z

JA

chx' z;w')z

j=t Jj=l

W(X,’,E’) 1-

9. The method accordmg to any of the precedlng clalms carned out by

computer apparatus

1.0. A computer program product for. can'ymg out the method accordmg to any of

the preceding claims.

1. A classifier (1) for use in a machine learning system (1), the classifier beihg

arranged for using hyperparameters (HP) as control »pa'rame'ters, wherein the
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hyperparameters (HP) have been determined by the method according to any of

claims 1-9.

2. A dev1ce (2) for determlmng hyperparameters ofa classrﬁer (l) m a machme' _

learning system (1 0), the device compnsmg a processor (21) arranged for 1terat1vely L |

producmg an estlmate of a target hyperparameter vector each 1terat10n compnsmg

the steps of _ _ U _
- drawmg a random sample of hyperpa.rameter vectors from a set of possrble B
hyperparameter vectors and
- updating the estimate of the hyperparameter vector by using the random
sample,
the device being characterised in' that the processor is arranged such that each
iteration comprises the step of: |
- selecting from the random sample a hyperparameter vector producing the best
result in the present and any previous iterations, ’ |

and that the step of updating the estimate of the target hyperparameter vector

'mvolves said selected hyperparameter vector.

13.  The device according to claim 12, wherein the processor (21) is further
arranged for:
- selecting a further hyperparameter vector producing the best result in any
previous iterations, and
- restricting the random sarnple by using the hyperparameter vector producing

the best result in any previous iteration.

14. A machine learning system (10), comprising a device (2) according to claim
12 or 13.
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Abstract

A method of determining hyperparameters (HP) of a classifier (1) in a

machine learning system (10) iteratively prodlices an estimate of a target

hyperparameter vector. The method comprises the steps of selecting from the random

sample the hyperparameter vector producing the best result in the preseht and any

pfevious iterations, and updating the estimate of the target hyperparameter vector by

using said sel,ected_hyperpa:ametef vector. The random sample may be restricted by

using the hyperparameter vector producing the best result in the present and any

previous iterations.

[Fig. 3]

Page 16 of 17



171

FIG. 1

VHP
FIG. 2

——

HP

FIG. 3

Page 17 of 17




