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Preface

We are pleased to present the Workshop Proceedings of the Twenty-fifth Inter-
national Conference on Case-based Reasoning (ICCBR-17), held on June 26th -
29th in Trondheim, Norway.

This years brings three workshops: the Computational Analogy Workshop
(CAW), the Case-based Reasoning and Deep Learning Workshop (CBRDL), and
the workshop on Process-oriented Case-based Reasoning (PO-CBR). This years
also features the proud tradition of the Doctoral Consortium and the Computer
Cooking Contest.

We would like to thank all who contributed to the success of this workshop
program, especially the authors and presenters who provided the research in-
sights comprising the essential substance of the workshops. We would also like
to thank all of the program committee members for their contributions leading
to high-quality submissions, and especially lthe workshop organisers for their
hard work over the past year developing a compelling collection of workshop
programs.

Our special thanks go to the program chairs, David W. Aha and Jean Lieber;
the local chair, Odd Erik Gundersen; and the publicity chair, Kerstin Bach,
for their continuous support, efforts in planning the event, and assistance with
producing the proceedings.

We hope that authors and other participants enjoy and are invigorated by this
year’s workshop program and also find valuable resources in these proceedings
for furthering their research. We look forward to a fruitful exchange of ideas in
Trondheim.
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A study of the saturation of analogical grids
agnostically extracted from texts

Rashel Fam and Yves Lepage ?

IPS, Waseda University
2-7 Hibikino, Wakamatsu-ku, Kitakyushu-shi, 808-0135 Fukuoka-ken, Japan

fam.rashel@fuji.waseda.jp, yves.lepage@waseda.jp

Abstract. Analogical grids aim to capture the organization of the lexi-
con of a language. We conduct experiments on analogical grids extracted
in four di�erent languages with di�erent morphological richness. We
study the saturation of analogical grids against their size. We observe
that the logarithm of the saturation of an analogical grid is linear in the
logarithm of its size. More surprisingly, the coe�cients of this log-log
linear relation are extremely close across all four languages, even when
the size or the genre of the corpus vary.

Keywords: analogical grids, saturation, organization of lexicon.

1 Introduction and background

show : shows : showing : showed
walk : walks : walking : walked
open : opens : opening :
study : : studying :
read : reads : reading :

makan : dimakan : memakan : makanan
minum : diminum : meminum : minuman
main : : : mainan
beli : dibeli : :

Fig. 1. Analogical grids in English (left) and Indonesian (right).

Figure 1 shows two examples of analogical grids, one in English, the other
one in Indonesian. Such analogical grids may be automatically constructed from
the set of words contained in a text. Each cell in an analogical grid either con-
tains a word form or is empty. As exemplified in Figure 1 (left), a column (or a
row) in an analogical grid usually exhibits similar word forms for different words:
e.g., infinitive, present 3rd person singular, present participle, etc. for different
English verbs on the left of Figure 1. Analogical grids are not paradigm tables,

? This work was supported by a JSPS Grant, Number 15K00317 (Kakenhi C), entitled
Language productivity: e�cient extraction of productive analogical clusters and their
evaluation using statistical machine translation.
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makan : makanan :: main : mainan

makan : memakan :: minum : meminum

minum : diminum :: beli : dibeli

Fig. 3. Some analogies extracted from analogical grid in Figure 1 (right).

the characters, whatever the writing system, plus, the distance between the two
words.

A : B
�
=

0BBBBB@
|A|a − |B|a
|A|b − |B|b

...
|A|z − |B|z

d(A; B)

1CCCCCA makan : makanan
�
=

0BBBBB@
−1
0

...
0
2

1CCCCCA (3)

In Formula (3), the notation |S|c stands for the number of occurrences of char-
acter c in string S. The last dimension, written as d(A; B), is the edit distance
between the two strings. This indirectly gives the number of common characters
appearing in the same order in A and B.1

The above definition of ratios captures prefixing and suffixing. Although we
do not show it here, this definition also captures parallel infixing or interdigita-
tion, well-known phenomena in semitic languages [1, 14]. However, reduplication
or repetition (e.g. consonant spreading) are not captured by this definition.

makan : makanan main : mainan makan : main makanan : mainan0BBBBB@
�1
0

...
0
2

1CCCCCA =

0BBBBB@
�1
0

...
0
2

1CCCCCA &

0BBBBB@
1
0

...
0
3

1CCCCCA =

0BBBBB@
1
0

...
0
3

1CCCCCA
)

makan : makanan :: main : mainan

Fig. 4. The two ratios between pairs of words for the �rst analogy in Figure 3.

This formal definition of word ratio in Formula (3) gives the same vector for
the ratios makan : makanan , makan : namakan , and makan : mnaakan . This
is due to the use of insertion and deletion as the only edit operations.

The purpose of working with analogical grid, and not only with individual
analogies, is that Formula (1) imposes more constraints for a word form to enter

1 The only two edit operations used are insertion and deletion, hence, d(A,B) =
jAj+ jBj�2� s(A,B). jSj denotes the length of a string S and s(A,B) is the length
of the longest common sub-sequence (LCS) between A and B.
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a grid: a word form in a grid must satisfy all analogy relationship with all sur-
rounding word forms in the grid. The word form makanan in the analogical grid
of Figure 1 (right) is the only word form which fits in, among makanan, namakan,
or mnaakan. For example, as proved below, using the words main and mainan
from the analogical grid, the inequality between the ratios makan : main and
namakan : mainan implies that there is no analogy between these four words.
The same holds for the word form mnaakan. In all these cases, the inequality
comes from different edit distance values.

makan : main namakan : mainan0BBBBB@
1
0

...
0
3

1CCCCCA 6=

0BBBBB@
1
0

...
0
5

1CCCCCA ⇒ makan : main 6:: namakan : mainan

The above discussion shows that there should be a relationship between the
size of the analogical grids and the freedom in filling an empty cell in an analog-
ical grid.

2.3 Size and saturation of analogical grids

We simply define the size of an analogical grid as its number of rows multiplied
by its number of columns. The analogical grids in Figure 1 has a size of 4×5 = 20
(left) and 4× 4 = 16 (right) respectively.

Let us now turn to the number of empty cells of an analogical grid, or rather
the number of non-empty cells which we call its saturation2. We compute it
using Formula (4) which will give a saturation of 80 % (left) and 75 % (right) for
Figure 1.

Saturation = 100− Number of empty cells ×100

Total number of cells
(4)

3 Experiments

3.1 Data used

We carried out experiments on a multilingual parallel corpus created from the
translation of the Bible collected by Christodoulopoulos3 [10]. We selected four
languages with different richness in morphology: English, Russian, Modern Greek,
and Indonesian. The reason for using a multilingual parallel corpus is the need
to draw conclusions across different languages in a reliable way. Table 1 presents
statistics on the corpus. For each text in each language, we first extracted the
list of all words, and finally built all analogical grids.

2 In [2, p. 79], saturation is the maximal proportion of word forms attested for any
one lemma of a given paradigm. Here we use the term for each entire grid.

3 http://homepages.inf.ed.ac.uk/s0787820/bible/
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This paper gives empirical support for the use of Equality (1) to answer
analogy questions (which only involve commutation1) between word forms (not
meaning). For relevance to morphology, no knowledge other than equality of
characters is used, i.e., order of letters in an alphabet, or the like, is not used.

The rest of the paper is structured as follows. Section 2 shows how the answer
to an analogy question can be speci�ed by a character{position matrix computed
using Equality (1). Speci�cation re�nements are introduced to solve problematic
cases. Section 2 shows that decoding the answer from the character{position
matrix can be viewed as an assignment problem and thus solved using a standard
algorithm. Section 4 summarises the two previous sections by giving an algorithm
for the proposed method. This proposed method is validated by two series of
experiments in Section 5.

2 Specifying the answer of an analogy question

2.1 Known features of the answer to an analogy question

From previous research [4,10,2,3], it is known that the answer D to A : B ::
C : D is partially determined. In particular, its length, which characters it con-
tains, and their number of occurrences, are known. In mathematical notations:

A : B :: C : D ⇒

(
|D| = |B| − |A|+ |C|
|D|c = |B|c − |A|c + |C|c; ∀c

(3)

where |X| stands for the length of string X and |X|c for the number of occur-
rences of character c in string X. The above equations are yet another instance
of the general arithmetic equality D = B − A + C. In addition, some work [6]
states that the LCS distance, noted d below, between the pair of terms is equal:

A : B :: C : D ⇒

(
d(A; B) = d(C; D)

d(A; C) = d(B; D)
(4)

2.2 Character–position arithmetic

In analogies of commutation, pieces are combined and exchanged to compose
the four di�erent terms of the analogy A, B, C and D. It is always possible to
put some pieces in common to A and B in correspondence with some pieces in
common to C and D (or the same by exchanging B and C in this statement).
For instance, in

hearty : unheartily :: lucky : unluckily, (5)

1 See [5] or [6, middle of p. 161]. We exclude analogies of repetition, e.g., Indone-
sian guru : guru-guru :: pelajar : pelajar-pelajar; reduplication, e.g., Ancient Greek
lÔw : lŁluka :: paÔw : pŁpauka; and mirroring, e.g., abc : wxyz :: cba : zyxw.
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the pieces ‘heart’, common to A and B, and ‘luck’, common to C and D,
correspond. They are exchanged on each side of the symbol ::. We can write
A[1 : : : 5] = B[3 : : : 7] = heart and C[1 : : : 4] = D[3 : : : 6] = luck; and further

D[3 : : : 6] = luck = B[3 : : : 7]−A[1 : : : 5] + C[1 : : : 4] = heart−heart + luck;

where 3 = 3−1+1 and 6 = 7−5+4. This equality combines several instances of
Equation (1) for several instances of indices (iA; iB ; iC ; iD): (1; 3; 1; 3), (2; 3; 2; 3),
: : : ; (5; 7; 4; 6)

To summarise the previous remarks, Proposition (6), which embeds Equal-
ity (1), can be laid as a hypothesis to be tested. Importantly, it only makes sense
if either A[iA] = B[iB ] or A[iA] = C[iC ] holds, i.e., if either (iA; iB) or (iA; iC)
are match points in the matrices representing A : B and A : C (see Figure 1).

A : B :: C : D ⇒

∀iD ∈ N = 1 ≤ iD ≤ |D|;
∃(iA; iB ; iC) ∈ N3 =

8>>>>>><>>>>>>:

1 ≤ iA ≤ |A|
1 ≤ iB ≤ |B|
1 ≤ iC ≤ |C|

iD = iB − iA + iC

D[iD] = B[iB ]−A[iA] + C[iC ]

(6)

2.3 Specification of the answer using a character–position matrix

Enforcing Proposition (6) allows to specify the solution of an analogy question as
illustrated in Figure 1. For each index in the string D, all possible combinations of
indices in A, B and C corresponding to match points in matrices A : B and A : C
are examined and the number of instances of Equality (1) for that index in D
is memorised in matrices B : D and C : D. By adding up these values for each
character that we know will appear in D, and for each index in D, a character{
position matrix can be built, from which the answer can ultimately be decoded.

b �
� a

c a d b

. 1 ? 1 .
1 . ? . 1

1. Speci�cation
�����������!

character
position n c d

1 . 1
2 1 .

2. Decoding
���������! d c

Fig. 1. Speci�cation of the answer of the analogy question ab : ac :: db : x using
character{position arithmetic. The characters in the answer and their number of oc-
currences are known: f c : 1; d : 1g. The black squares (�) in the upper part on the left
visualise the match points in the matrices A : B and A : C. The lower part gives the
number of instances of Equality (1) in each cell of matrices B : D and C : D using the
match points and character{position arithmetic. In the middle, the character{position
matrix summarises the evidence for each character and position (. stands for zero).
This character{position matrix can be decoded into the answer dc on the right.
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analogy question easy : uneasy :: known : D has only one possible answer: D =
unknown; and the analogy question aa : ab :: aaa : x has two possible answers
only, aab or aba, if considered as an analogy of commutation (see Footnote 1).

From the solution delivered by the Hungarian method, it is possible to look
in the character-position matrix and enumerate all other solutions of same cost
by performing all possible exchanges between characters and positions.

4 Overview of the proposed method

4.1 Sketch of the method

Algorithm 1 Solving an analogy question A : B :: C : x:

def Solve(A, B, C):

# 1. Specify the answer by a character-position matrix, M.

ComputeKnownFeatures(A, B, C)

M [iD][cD] = 0 for all cD 2 D and iD 2 f1; : : : ; jDjg
for each (iA; iB) / InsideDiagonal(iA; iB) and A[iA] == B[iB ]:

for each (iC, iD = iB � iA + iC) / InsideAllDiagonals(iA, iB, iC, iD):

M [iD][ C[iC ] ] += 1

# Do same thing as above by exchanging B and C.

...

M = ExpectationMaximisation(M)

# 2. Decode the character-position matrix.

list of pairs (iD; cD) = HungarianMethod(M)

return EnumerateAllSolutions(M, list of pairs (iD; cD)))

def ComputeKnownFeatures(A, B, C):

s(A; B); s(A; C) = similarity(A; B), similarity(A; C)

s(B; D); s(C; D) = s(A; C)� jAj+ jBj; s(A; B)� jAj+ jCj
jDj = jBj � jAj+ jCj
for each character c:

occ]_in_D[c] = occ]_in_B[c] - occ]_in_A[c] + occ]_in_C[c]

def InsideDiagonal(iX, iY ):

return �jXj+ s(X; Y ) � iY � iX � jY j � s(X; Y )

def InsideAllDiagonals(iA, iB, iC, iD):

return all(InsideDiagonal(iX ; iY ) for (X; Y ) in [(A; C), (B; D), (C; D)])

Algorithm 1 sketches the method as already illustrated in Figure 1. After
computing the features of the answer, a character{position matrix is built and
its cells are �lled using the character-position arithmetic. The values in the
character{position matrix are then re-estimated using the expectation{maximisa-
tion algorithm. Decoding is performed using the Hungarian method. This out-
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(Sect. 2.5), and use of the EM algorithm to re-estimate values in the character{
position matrix vs. no use (Sect. 2.6); for decoding, use of the Hungarian method
vs. our loose baseline (increasing entropies) (Sect. 3.1).

The results in Table 1 show that each of the components contributes to
accuracy. Considering only match points inside diagonal bands allows to jump
from below 66 % accuracy to almost 80 % and above. The EM algorithm may
be of no utility or may add around 5 % in accuracy. As expected, the Hungarian
method always beats our loose baseline by at least 5 % in accuracy. The best
accuracy obtained is 91 % when decoding using the Hungarian method.

Match points
inside
diagonal band

EM algorithm Decoding method Recall Precision Accuracy

No
No

Increasing entropies 98 41 57
Hungarian method 98 50 64

Yes
Increasing entropies 98 41 57
Hungarian method 98 53 66

Yes
No

Increasing entropies 99 70 78
Hungarian method 99 82 87

Yes
Increasing entropies 99 81 86
Hungarian method 99 88 91

Table 1. Testing 8 di�erent con�gurations to output the answer speci�ed by character-
position arithmetic. The best con�guration is the last one.

Table 2 details the confusion matrix for the best con�guration. Recall, pre-
cision and accuracy are computed in the standard way, and were reported in
Table 1. This confusion matrix shows that the weakness of the method lies in
too many negative predictions on positive examples. This is measured by a rel-
atively low precision of 88 %.

Positive predictions Negative predictions Total

Positive examples TP = 99 (62 %) FN = 14 ( 9 %) 113 ( 71 %)

Negative examples FP = 1 ( 0 %) TN = 46 (29 %) 47 ( 29 %)

Total 100 (63 %) 60 (37 %) 160 (100 %)

Table 2. Confusion matrix for the veri�cation of analogies on 113 positive examples
of analogies and 47 negative examples in the best con�guration (see Table 1, last line).

This relatively low precision will now be nuanced by results on a much larger
dataset which supposedly re
ects more real analogy questions. This dataset is
from Task 1 of Track 1 of SIGMORPHON 2016 Shared Task: Morphological
Rein
ection. We use all the o�ered languages: Arabic, Finnish, Georgian, Ger-
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to the world state, and uses analogical inferences to resume (or re-enter) the plan at
the most preferred state. Our approach (1) computes a plan locale, (2) opportunistically
identifies a plan reentry state if the locale is not a recognized future plan state, and
(3) selects actions to enter to that re-entry state from the observed world state. For
instance, in a block-building domain, the collaborator may have placed two or three
blocks at once in an unexpected configuration, putting the world in an unexpected state,
but the world state may analogically similar to a more desirable planned state (e.g.,
with slightly different block configuration), and we can change the world to satisfy
that desirable state given some small action. Our approach enables the system to take
opportunistic advantage of these situations and also take action despite setbacks.

By using analogical similarity matching to compare the world against future states
in a diverse plan tree we can compute two different states of interest:

1. The best satisfied state: the state in the plan that is satisfied and closest to the goal,
where distance ties are broken by structural similarity.

2. The nearest similar desired state: the plan state following a satisfied state that is
most structurally similar to the current world state.

The satisfied and desired states comprise the locale, which is where the agent should
focus its development of a next action to execute. Given the desired state found by this
localization process, the system attempts to improvise actions— computed online via
analogical inference— that will transition the world back into the plan by transitioning
to the desired state. We call this the opportunistic plan reentry. Localization and reentry
flexibly allow the agent to react to setbacks in the world as well as exploit unexpected
world changes to more quickly achieve goals. This does not require a complete plan
of all possible world states, but the more diverse and complete the plan is, the more
resilient the localization behavior will be.

We have implemented this approach in CLiC, a dialogue-oriented agent that col-
laboratively builds block-based structures in a visual environment shared with a hu-
man collaborator. The high-level plan localization approach is illustrated in Figure 1
with a working example. The human collaborator suggests a goal structure in language,
and CLiC uses its conceptual knowledge to envision that goal and any mentioned con-
straints. It then generates a diverse plan via regression to the current (empty table) state.
CLiC both issues linguistic directives so that the user can move blocks, or alternatively,
it responds to user directives by taking actions to move blocks on the table to incremen-
tally achieve the shared goal. At each step, if the user responds unpredictably, e.g., by
placing two blocks instead of one, or not placing them where directed, CLiC uses ana-
logical plan localization to re-establish it’s perceived position in the plan by matching
against the shared world state. In this process it re-aligns which real blocks correspond
to which planned blocks, and then proceeds to improvise new directives to move the
plan forward, e.g., “push block 8 together with block 6,”.

We continue with a description of CLiC’s planning, plan revision, and the task
of collaborative building in Section 2. In Section 4, we describe our domain-general
analogical plan localization approach, which we empirically support in Section 5 with
multiple scenarios of CLiC utilizing this approach to flexibly mitigate and exploit unex-
pected changes in the world. We close with a brief discussion of related work (Section 6)
and future work (Section 7).
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Fig. 1. CLiC localizes the unexpected world state within its plan via analogical mapping, and then
selects an action via analogical inference. This allows it to re-enter the plan at a desirable state.

2 Background: CLiC & Collaborative Building

We are developing CLiC for DARPA’s Communicating with Computers program, a
program about contextually-grounded multi-modal communication with machines. We
are presently working in two collaboration-oriented test domains: (1) collaborative goal
selection and construction of structures using blocks and (2) a system for discussions
with biologists about modeling and evaluating biochemical pathways. The basic CLiC
reasoning infrastructure is shared across these domains. CLiC is a subsystem of a larger
integration with the TRIPS agent-based dialog system architecture [4]. CLiC provides
the domain reasoning for the dialogs occurring in both domains, and does planning and
action selection, as well as responses to the user. Agents from the TRIPS system do the
natural language understanding and maintain the state of the dialog as a high level goal
tree, issuing high-level collaborative goals to CLiC.

CLiC reactively pursues collaborative goals by directly acting in the world or issu-
ing linguistic directives to the user [11], and sometimes asking questions when more
information is required to formulate a reasonable objective. In the biocuration domain,
CLiC coordinates domain-specific biological modeling and reasoning agents, devel-
oped by other collaborators, to achieve collaborative goals with biologists. The rest of
the paper focuses on the collaborative block-building setting, since CLiC’s biocuration
setting does not presently demand advance planning.
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many concrete events in a large model, so we use a constrained similarity-based retrieval
model similar to MAC/FAC [6].

Near-term future work includes validating this approach on other planning domains,
as we believe that PDDL will support analogy. Other considerations include scaling to
situations with larger branching factor, where CLiC’s exhaustive regression planning is
not tractable. In these cases, we could utilize HTN planning with diversity (e.g., [9]) to
cover a subset of the plan space and support plan localization.
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We tested the confidence scoring and contradiction components of this initial imple-

mentation on two tasks: Analogical Chaining and Moral Reasoning.  Analogical Chain-

ing is a commonsense reasoning technique that elaborates a case description by re-

peated analogy to small cases called Common Sense Units (CSUs) [6].  These CSUs 

can be extracted automatically from natural language, and are thus easy to provide to 

the reasoning system.  As analogical chaining uses analogical reasoning, it does not 

require a fully articulated domain theory or rules constructed by experts, can reason 

with partial knowledge, and can use the same case for prediction or explanation.  Ana-

logical chaining has been tested on questions from the Choice of Plausible Alternatives 

commonsense reasoning test (COPA, [7]). As analogical chaining asserts inferences by 

analogy, then asserts new inferences building on those previous inferences, it is very 

valuable to give it a measure of confidence in those inferences.  

We examined the performance of the inference evaluation system on 11 COPA ques-

tions, whose internal representations were automatically extracted from the English text 

of the question using EA-NLU [8]. These questions were selected because they require 

repeated analogical inference (i.e., chaining) to solve.  The system had a case library of 

around 50 cases it could retrieve and reason with. For every question tested, the confi-

dence scores assigned to inferences were lower the further down they were along the 

inference chain; this means the inferences that enabled the system to answer the ques-

tions had lower confidence scores than the intermediate inferences used to infer them, 

reflecting the system’s lower confidence the further out it went from established facts.  

Inference scores ranged from 0.02 (for an inference made only using facts from the 

COPA question itself) down to 1×10-6 (for an inference several steps removed from the 

question facts).  All but three questions did not involve any dead-end reasoning: ana-

logical chaining found the correct answer for those questions without exploring any 

fruitless inference chains. We will examine two cases that involved dead-end reasoning 

in detail.  

One question asks: “The egg splattered.  What was the cause of this?” The answers 

are “I dropped it” and “I boiled it.”  The system first hypothesized that the egg splatter-

ing was caused by some unknown violent impact, and assigned that inference a confi-

dence score of 0.01 (low inference scores are discussed below).  It then hypothesized, 

as an alternative explanation for the egg splattering, that the egg hit the floor.  This did 

not involve the abstract impact from the first inference, but was based only on the ques-

tion facts. However, the mapping had a lower match score than the first, so it was given 

a confidence of 0.0004. The system then pursued, in separate reasoning contexts, ex-

planations for the first two inferences. In the system’s case library was a case describing 

how an object was violently impacted when it was hit with a rock, so it hypothesized 

that perhaps the unknown impact on the egg was caused by a rock. Despite being based 

on a higher confidence inference (the first inference asserted, where p=0.01), this in-

ference had a low match score and therefore resulted in a score of 2×10-6.  Finally, the 

system used a fourth case to explain the inference that the egg hit the floor by hypoth-

esizing that it was dropped. Despite being based on a lower-confidence fact than the 

inference about the rock, this inference had a higher match score and thus received a 
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confidence of 2×10-5.  While low, this score is still an order of magnitude higher than 

the dead-end hypothesis about the rock based on more highly-trusted initial inference.  

Another question asks: “The truck crashed into the motorcycle on the bridge. What 

happens as a result?” The answers are “The motorcyclist died” and “The bridge col-

lapsed”.  The automatically constructed question representations involve only one state-

ment about a motorcycle (and no motorcyclist) but several statements about the crash-

ing event (who was involved, where it happened, etc.). The system retrieves cases based 

on what is present in the case, so it began by reasoning about a familiar case involving 

a vehicle crashing. In that case the vehicle was an airplane, so the system first posited 

that perhaps the crash in question involved an airplane malfunctioning (p= 8×10-5). The 

system then retrieved a story about a child falling out of bed and crashing onto the floor.  

It used this case to posit that the crash was caused when the truck fell out of bed (p = 

9×10-5). Building on the airplane inference, it hypothesized that the airplane lost power 

(p=1×10-6), then that the motorcycle lost power, (0.012), and finally, having exhausted 

its knowledge of crashes, that the motorcyclist dies (p=2×10-5).  In this case the correct 

inference has a lower confidence score than all but one of the dead-end inferences.  

This example illustrates the pitfalls both of Analogical Chaining and of the inference 

evaluation system. After the system had posited the airplane, it was all too happy to 

continue reasoning about it, and the match scores were high enough along that reason-

ing chain (and low enough for the case that gave it the answer) that those erroneous 

inferences were scored much higher than the one that seems obvious to humans (hu-

mans of course have much prior knowledge the system lacks). The system can be led 

astray and mask the utility of useful inferences if it marks even one incorrect inference 

as highly probable. Furthermore, it seems wrong to give the system a hard-and-fast rule 

stating that airplanes cannot be involved in car crashes. Such a situation may be ex-

tremely unlikely, which could be recognized by accumulating cases in a generalization 

about car and motorcycle crashes, but, as Hollywood has shown us, it’s not impossible.  

This raises an important point about the interplay between analogical reasoning and 

first-principles reasoning.  Analogical learning can provide explicit evidence of what 

can happen, because analogical generalizations provide structured, relational probabil-

istic representations of what has happened.  But analogical learning only implicitly 

gathers evidence about what cannot happen.  First principles reasoning is better at ruling 

out the kinds of things that are impossible (e.g. vehicles cannot fall out of beds because 

they cannot fit in them).   

MoralDM is a computational moral reasoning system that makes decisions by anal-

ogy to moral generalizations [9,10].  In one experiment, generalizations are formed 

from cases that either involve the principle of double effect [11], or do not.  This prin-

ciple states that harm caused as a side effect of preventing a greater harm is morally 

acceptable, but not harm caused in order to prevent that greater harm.  The canonical 

example illustrating this principle is that most people say it is morally acceptable to 

switch a trolley that will hit five people onto a side track where it will hit one person 

(double effect), but not to instead push someone in front of the trolley to save those 

same five people (not double effect).  In these moral generalizations, the facts indicating 

whether the case involves double effect and which case-specific action should be taken 
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take a different approach: they define a Markov Network over a set of first-order logic 

sentences and constants, such that a node exists for each grounding of each predicate 

and a connecting feature exists for every possible grounding of each sentence [15]. 

Weights are assigned to these features based on the likelihoods of the sentences they 

describe. A probability distribution is then specified over the ground network. The 

structure of the network can be learned, given the sentences their possible groundings 

[19]. The disadvantage of MLNs is scaling: the network grows with additional predi-

cates, as well as additional potential groundings. This also means that every potential 

grounding of every potential predicate must be present in the training set. 

The presented inference evaluation technique could be used in other analogical rea-

soning systems that score (or could score) the quality of their matches (that is, which 

have a measure similar to SME’s match score).  For example, inferences in AMBR 

([20]) have evidence accrued in favor and against them, based on semantic and struc-

tural similarity. Top scoring hypotheses are asserted into the reasoning environment, 

but the amount of evidence in favor of them is not.  If this evidence were stored as a 

confidence measure of facts as they are asserted, future inferences could be made not 

only on the basis of evidence in favor or against them, but the degree to which that 

evidence is itself believed. 

In HDTP (e.g. [21]), analogical mappings are constructed via a process of anti-uni-

fication.  For example, a formula p1(a) in a base and p2(a) in a target is replaced in the 

mapping by a general predicate P(a), where P is a generalization of both predicates p1 

and p2. A measure of similarity of P to p1 and p2 could be used to score inferences made 

using formula P(a); the scores of those inferences could then be used to score future 

inferences made using those inferred facts.  In HDTP, inferences are checked for logical 

consistency; expanding logical consistency checks for inferences is the next extension 

to be performed on our system.  

- .������+��,�

Even mappings with high unnormalized match scores, indicating a high quality match, 

may have low normalized match scores, depending on the relative size of the cases and 

how much information is left out of the mapping.  In the current implementation, low 

confidence scores assigned to analogical inferences were driven largely by low normal-

ized mapping scores. Small cases with little structural overlap should yield low-confi-

dence scores, since the mappings used to generate the inferences are not seen by the 

system as being particularly reliable, informative mappings (as indicated by the low 

score). However, while analogical inferences should have lower scores than logically 

implied inferences, they should not be vanishingly low. One possibility is to use the 

highest normalized score as a multiplier in calculating inference confidence scores, ra-

ther than always using the same mapping score normalizing function.  Each function 

provides different information, but a high score in either indicates that the mapping 

includes a high degree of overlap from one case to another. Scoring inferences using 

the highest normalization score will still involve incorporating the score of the match, 

the score of the justifying target facts, and the probability of the generalization facts.   
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A complexity based approach for solving Hofstadter’s analogies 3

Secondly, we consider a mapping from numbers to any base alphabet. This
operation was discarded by Hofstadter’s rules but seems important to us. The
problem ABC : ABD :: ABBCCC : x relies on a such a mapping: the string
ABBCCC is naturally described as \n-th letter of the alphabet repeated n times
for n 2 f1; 2; 3g".

The third major di�erence between our approach and Hofstadter’s original
works lies in the consideration of descriptive groups. While Hofstadter’s ap-
proach is merely descriptive, we adopt a generative formalism in which the way
strings were formed is taken into account. The static description of copy-groups,
successor-groups or predecessor-groups is replaced in our framework by methods
such as copy, succession or predecession.

2.2 Complexity-based description

In this paper, we will focus on the resolution of analogy equations of the form A :
B :: C : x where x is unknown. We submit that the solution of such an equation
is given by x = arg minx C(A; B; C; x) where the function C corresponds to the
(minimum) description length for the four terms. Such a hypothesis is related to
the well-known philosophical principle of Occam’s razor stating the best choice
is the shortest.

A strict de�nition for the description length is o�ered by algorithmic theory of
information with Kolmogorov complexity [13]. Basically, the complexity CM(x)
of a string x corresponds to the length (in bits) of the shortest program on a
Universal Turing Machine (UTM) M that produces x.

In practice, this quantity is not calculable, hence only upper-bounds are used
to estimate the complexity of an object. An upper-bound corresponds to a re-
stricted choice of programs or equivalently to the choice of a limited Turing
Machine. In this paper, we consider a particular machine by de�ning an elemen-
tary language. The language we develop is an ad hoc construction encoding a
theory of the domain of interest.

We do not consider here prefix codes, ie. decodable codes in which no code
word can be the pre�x of another code word. To cope with decoding, we consider
that the code is space-delimited, which means that costless delimiters are present
in it. This idea is in use in the Morse code for example. Morse code encodes letters
by sequences of dashes and dots (ie. with a binary alphabet). A full word is given
by a succession of letters separated by short breaks. These breaks are not part of
the Morse code but are used to indicate the transition from one letter to another.
In such contexts, the delimiters are supposed to be processed by the physical
layer of the system, hence to ensure a uniquely decodable code while having no
in
uence on complexity.

2.3 A generative language

Based on the speci�cations listed above, we develop a prototype language de-
signed to produce and solve analogies. We present here the global characteristics
of our language.
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8 A complexity based approach for solving Hofstadter’s analogies

Problem Solution Propostion Complexity

IJK IJL 93% 37
IJD 2.9% 38

BCA BCB 49% 42
BDA 43% 46

AABABC AABABD 74% 33
AACABD 12% 46

IJKLM IJKLN 62% 40
IJLLM 15% 41

123 124 96% 27
123 3% 31

KJI KJJ 37% 43
LJI 32% 46

IJK IJL 93% 37
IJD 2.9% 38

135 136 63% 35
137 8.9% 37

BCD BCE 81% 35
BDE 5.9% 44

IJJKKK IJJLLL 40% 52
IJJKKL 25% 53

XYZ XYA 85% 40
IJD 4.4% 34

122333 122444 40% 56
122334 31% 49

RSSTTT RSSUUU 41% 54
RSSTTU 31% 55

IJJKKK IJJLLL 41% 52
IJD 28% 53

AABABC AABABD 72% 33
AACABD 12% 46

MRRJJJ MRRJJK 28% 64
MRRKKK 19% 65

147 148 69% 36
1410 10% 38

Table 2. Main results of the survey. For each problem, only the two main solutions
are presented, with their frequency and the corresponding complexity.
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Some adaptation methods such as critique-based adaptation [11], or conservative
adaptation [14] are used to resolve inconsistencies in the reused source case,
whereas others such as di�erential adaptation [9], case-based adaptation [6] or
adaptation by reformulation [15] modify the reused source case in order to �t the
requirements on the target case. One of the reasons why adaptation is left out of
the case-base inference is that adaptation essentially consists in reasoning on the
di�erences that exist between two cases. While the importance of capturing case
di�erences has long been acknowleged in adaptation research (see for example
[13], for a recent review), research is still needed to properly represent and reason
on case di�erences.

Establishing a di�erence between two states is the result of a comparison
process. Comparisons are qualitative judgements that play an important role
in similarity assessment and in the analogical inference. According to [12], \ a
comparison assembles two elements in order to come up with a third term that
will tell their relationship ". Comparison involves three ideas: the source of the
comparison, the target of the comparison (what the source is compared to), and
their relationship. For example, one could compare a sheep (the source) to a
goat (the target), on how they forage (their relationship): a sheep would graze,
whereas goats are browsers. Comparisons are usually made with respect to a
particular feature (or property), shared by the objects under comparison, and
which can be measured, like the size, the weight, or the type of forage [21].
Some results even suggests that people use aggregated features inferred from
the features of individual objects to compare collections of objects [20].

Assuming that case di�erences can be expressed as a set of di�erences in
feature value, we show that Category Theory can be used as a mathematical
framework to design a qualitative language in which both case di�erences, but
also \horizontal" connections of variations (similarity paths), and \vertical" con-
nections (adaptation rules) can be represented and reasoned upon symbolically.

The paper is organized as follows. The next section provides some preliminary
de�nitions. Feature comparisons are modeled in Sec. 3 as labeled arrows, and
formalized in Sec. 4 as morphisms of a category. Two constructions are made on
such categories: products (Sec. 5), and paths (Sec.6). In Sec.7, comparisons are
ordered by generality using a subsumption relation. Finally, Sec.8 concludes the
paper.

2 Preliminaries

Category theory is the mathematical study of algebras of functions [2]. A cat-
egory consists of a set of objects and a set of arrows. For each arrow f , there
are given objects dompfq and codpfq called the domain and the codomain of
f . We write f : A ÝÑ B to indicate that dompfq � A and codpfq � B. For
two arrows f and g such that codpfq � dompgq, there is a given arrow g � f
called the composite of f and g. For each object A, there is a given arrow
1A : A ÝÑ A called the identity arrow of A. Arrows satisfy the associativity
law : h � pg � fq � ph � gq � f for all f : A ÝÑ B, g : B ÝÑ C, and h : C ÝÑ D.
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Identity arrows verify f � 1A � 1B � f � f for all f : A ÝÑ B. An arrow
f : A ÝÑ B is called an isomorphism if there is an arrow g : B ÝÑ A such
that g � f � 1A and f � g � 1B . A groupoid is a category in which every ar-
row is an isomorphism. The category Rel is the category where objects are sets
and arrows are binary relations. The identity arrow on a set A is the identity
relation: 1A � tpa; aq P A � A | a P Au. Given f � A � B and g � B � C, the
composition g � f is de�ned as: pa; cq P g � f i� Db P B | pa; bq P f and pb; cq P g.
Categories are mathematical structures which underlying structure is a quiver,
i.e., a directed graph where loops and multiple arrows between two vertices are
allowed, on which the de�nition of a category adds constraints on identity mor-
phisms, associativity, and composition. A path in the graph of a category is a

sequence
c1ÝÑ

c2ÝÑ : : :
cnÝÑ of arrows of C such that for all i, domp

ci�1
ÝÝÝÑq � codp

ciÝÑq
A path category (or free category) generated by a directed graph is the category
where the objects are vertices, and arrows are paths between objects. A func-
tor F : C ÝÑ D between two categories C and D is a mapping of objects to
objects and arrows to arrows that preserves domain and codomains, identities,
and composition: F pf : A ÝÑ Bq � F pfq : F pAq ÝÑ F pBq, F p1Aq � 1F pAq,
and F pg � fq � F pgq � F pfq. The product C � D of two categories C and
D is the category of pairs and arrows. Its objects have the form pC;Dq, for
C P C and D P D, and its arrows have the form pf; gq : pC;Dq ÝÑ pC 1; D1q for
f : C ÝÑ D P C and g : C 1 ÝÑ D1 P D. Compositions and units are de�ned
componentwise, i.e., pf 1; g1q � pf; gq � pf 1 � f ; g1 � gq, and 1C�D � p1C; 1Dq.

3 Modeling Feature Differences

We are interested in modeling the comparison between two values of a same
feature. In the following, the term feature denotes either a binary variable (i.e.,
a variable which takes one of the two values 0 or 1), or a nominal variable (i.e., a
variable which takes nominal values, like the color), or a quantity (i.e., a variable
which take values on ordinal, interval, or ratio scales [18]). The term feature space
denotes the set of values taken by a particular feature.

A straightforward way to represent a comparison from a source A to a target
B is to trace an arrow from A to B and to label this arrow with a term that
represents their relationship. For example, an arrow named g Ñ b can be used
to represent the relationship in which the forage di�ers from g(raze) to b(rowse)
from source to target (Fig. 1). The distinction between the source and the target

A B
g Ñ b

Fig. 1: A comparison of two feature values represented by a labeled arrow.

of a comparison makes the process by essence directional. It can be noted that
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10

1 Ñ 0

0 Ñ 1

1 Ñ 10 Ñ 0

Fig. 2: The example category Bin, in which objects represent the Boolean values
0 and 1, and arrows represent comparisons between these values.

the three nominal values d(owntown), m(idtown), and u(uptown), and its arrows
the nine possible comparisons between them.

u

md

d Ñ m

m Ñ d

u
Ñ

m

m
Ñ

uu
Ñ

d

d
Ñ

u

d Ñ d m Ñ m

u Ñ u

Fig. 3: The example category Area, in which objects represent the three ar-
eas d(owntown), m(idtown), and u(uptown), and arrows represent comparisons
between areas.

4.1 Semantics

Feature categories are interpreted on a set (like a set of patients, of cooking
recipes, etc.). Let X denote such a set. The semantics of a feature category
C on a set X is given by a functor :I : C ÝÑ Rel, called the interpretation
functor, which maps each object of the category C to a subset of X , and arrows
to subsequent binary relations. The functor :I generalizes the notion of binary
variation. The de�nition of a binary variation as proposed in [3] corresponds to
the indicator function of :I , when it is restricted to a given arrow of C.

If there exists a �eld function ’ : X ÝÑ C, which maps each element of X to
an object of C, the interpretation functor :I can be de�ned to map each object
a of C to its inverse image by ’ in X , i.e., to the set of elements of X which
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arrows. This de�nition can be extended to the product � � C1 �C2 � : : :�Cn

of n comparison categories C1, C2,. . . ,Cn. A path in � is an arrow of the free

category Fp�q generated by �. For example, (
dÑd
ÝÝÝÑ,

 
ÝÑq � p

dÑm
ÝÝÝÑ,

�
ÝÑq is a path

in the free category generated by the product Area�C .
The interpretation of a similarity path on the set X is given by the in-

terpretation functor :I which by de�nition of functors, preserves composition:

p
c
ÝÑ �

d
ÝÑqI � p

d
ÝÑqI � p

c
ÝÑqI . Here, the composition operation � on the arrows of

the category Rel is the usual composition of binary relations. This de�nition can
also be extended to the product � � C1 �C2 � : : :�Cn of n feature categories
C1, C2,. . . ,Cn: for two sets of arrows ci; di P Ci,

pp
c1ÝÑ; : : : ;

cnÝÑq � p
d1ÝÑ; : : : ;

dnÝÑqqI � p
d1ÝÑ; : : : ;

dnÝÑqI � p
c1ÝÑ; : : : ;

cnÝÑqI

For example, for an apartment srce P X located in downtown, and an apartment
tgt P X located in midtown, the pair psrce; tgtq is in the interpretation of

the similarity path p
dÑd
ÝÝÝÑ;

 
ÝÑq � p

dÑm
ÝÝÝÑ;

�
ÝÑq if there is an apartment pb such

that srce p
dÑd
ÝÝÝÑ;

 
ÝÑqI pb p

dÑm
ÝÝÝÑ;

�
ÝÑqItgt, that is, such that the location of pb is

downtown and its price is strictly greater than the price of srce, and equal to
the price of tgt. This de�nition is consistent with the notion of similarity path,
which is de�ned in [16] as a sequence of relations

srce � pb0 r1 pb1 r2 pb2 : : : pbq�1 rq pbq � tgt

such that the pbi’s are problems and ri’s are binary relations between problems.

7 Ordering Differences

7.1 A Subsumption Relation

A subsumption operator � enables to order comparisons by generality. Let C1

and C2 be two feature categories. For an arrow
c1ÝÑ of C1, and an arrow

c2ÝÑ
of C2, we write

c1ÝÑ�
c2ÝÑ to represent that whenever an A can be compared to

B using the comparison
c1ÝÑ, then A can be compared to B using comparison

c2ÝÑ. For example, in � � Area � C , the subsumption relation
dÑm
ÝÝÝÑ�

 
ÝÑ

represents the fact that any apartment located in downtown is more expensive
than any apartment located in midtown. The subsumption operator � can also
relate the arrows of two product categories �C � C1�C2� : : :�Ck and �D �
D1 �D2 � : : :�D`. For example, if �C � C  �Area represents comparisons
between the number of rooms and the location of apartments, and �D � C 

represents comparisons in price, then p
�
ÝÑ;

mÑd
ÝÝÝÑq �

 
ÝÑ represents the fact that for

a same number of rooms, an apartment located in downtown is more expensive
than an apartment located in midtown.

Subsumption relations
c1ÝÑ�

c2ÝÑ are interpreted as set inclusions in X � X :

c1ÝÑ�
c2ÝÑ if

c1ÝÑ
I
�

c2ÝÑ
I
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This de�nition extends naturally to product categories:

p
c1ÝÑ; : : : ;

ckÝÑq � p
d1ÝÑ; : : : ;

d‘ÝÑq if p
c1ÝÑ; : : : ;

ckÝÑqI � p
d1ÝÑ; : : : ;

d‘ÝÑqI

A subsumption relation corresponds to the notion of co-variation, that is de-
�ned in [4] as a functional dependency between variations, and may be used to
represent adaptation rules.

7.2 Analogical Jump

An analogical "jump" consists in making the hypothesis that a subsumption
relation on comparisons holds for a given pair of objects. From a logical point
of view, an analogical jump is de�ned in [7] as the following hypothetical rule of
inference:

if P pxq � P pyq and Qpxq, then we can infer Qpyq

For example, Bob’s car and John’s car share the property P of being a 1982
Mustang GLX V6 hatchbacks, and Bob’s car has the property Q of having a
price of 3500 $. The inference is that the price of John’s car should also be
around 3500 $. This schema can be rephrased using comparisons:

from x
P
ÝÑ y, infer x

Q
ÝÑ y

In this schema,
P
ÝÑ and

Q
ÝÑ are two comparisons representing respectively that

an element shares the property P with another element, and that it shares the
property Q. This inference consists in making the hypothesis that the subsump-

tion relation
P
ÝÑ�

Q
ÝÑ on comparisons holds for the pair px; yq. Such inference

can also be made when the comparisons represent di�erences. For example, if
�C � C �Area represents comparisons between the number of rooms and the
location of apartments, and �D � C  represents comparisons in price, then the

subsumption relation p
�
ÝÑ;

mÑd
ÝÝÝÑq �

 
ÝÑ can be applied to a pair px; yq of apart-

ments to infer that an apartment y located in downtown is more expensive than
an apartment x with the same number of rooms, but located in midtown.

8 Conclusion

Category Theory seems to be a natural setting to represent the feature compar-
isons made when establishing case di�erences. We showed that it can be used to
and to design a qualitative language in which both case di�erences, similarity
paths and adaptation rules can be represented and reasoned upon symbolically.
We believe that such results open the way to new qualitative formalizations
of the case-based inference, that would be able to integrate both retrieval and
adaptation in a same analogical process.
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wonder if one cannot take advantage of these facts for a better adjustment of the scope
of the analogical-proportion based inference inside areas where the classification func-
tions would be presumably linear.

The Boolean logic modeling of analogical proportions provides a simple basis for
computing the result of an analogical inference. The paper mainly aims at pointing
out the interest of a functional view of Boolean expressions when discussing analog-
ical proportion-based inference. The paper first restates the notion of analogical pro-
portion and its Boolean logic modeling. It then discusses the nature of the analogical
proportion-based inference, first showing that it is a particular instance of a general
“analogical jump” pattern, then explaining its link with affine Boolean functions, be-
fore discussing how we might take advantage of this situation for a better focusing of
the analogical proportion-based inference.

2 Analogical proportion

Analogical proportions are statements of the form “a is to b as c is to d” like “Queen
is to King as Woman is to Man”, or “Paris is to France as Madrid is to Spain”. In
this paper, we assume that i) a, b, c, d are described in terms of Boolean features and
they can be represented by the vector of their values on these features, and that ii) the
relevant features are the same for a, b, c, and d. This second hypothesis is obviously
not satisfied in the second example, indeed a and c belong to a conceptual universe (the
one of cities) distinct from the one of b and d (the one of countries). Such more tricky
proportions are discussed in [14].

2.1 Boolean logic modeling

The analogical proportion “a is to b as c is to d”, denoted a : b :: c : d in the following,
intuitively suggests that a differs from b as c differs from d and b differs from a as
d differs from c”. In this subsection, a, b, c, and d are just Boolean variables, which
pertain to the same unique feature for four items. The analogical proportion is logically
expressed as [16] by the quaternary connective:

a : b :: c : d , ((a ^ :b) � (c ^ :d)) ^ ((:a ^ b) � (:c ^ d)) (1)

Note that this logical expression of an analogical proportion put forward dissimilarity,
in agreement with the idea that analogy is as much a matter of dissimilarity as a matter
of similarity. Similarity appears in the logically equivalent expression

a : b :: c : d = ((a ^ d) � (b ^ c)) ^ ((:a ^ :d) � (:b ^ :c)) (2)

This latter expression states that what a and d have in common (positively or nega-
tively), b and c have it also in common.

Table 1 gives the truth table of a : b :: c : d. We can see that a : b :: c : d is true for
6 patterns: 0000, 1111, 0011, 1100, 0101 and 1010 (in bold in Table 1 ) .

It is easy to see that the logical expression of a : b :: c : d satisfies the key properties
of an analogical proportion, namely
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then by transitivity we have a0 : b0 :: c : x. Thus transitivity agrees with the idea that if
a change has an effect (or no effect) in some context, then it may be the same elsewhere.

A1 ::: Ai�1 Ai ::: Aj�1 Aj ::: Ak�1 Ak ::: Ar�1 Ar ::: As�1 As ::: An cl

a 1 ::: 1 0 ::: 0 1 ::: 1 0 ::: 0 1 ::: 1 0 ::: 0 cl(a)

b 1 ::: 1 0 ::: 0 1 ::: 1 0 ::: 0 0 ::: 0 1 ::: 1 cl(b)

c 1 ::: 1 0 ::: 0 0 ::: 0 1 ::: 1 1 ::: 1 0 ::: 0 cl(c)

x 1 ::: 1 0 ::: 0 0 ::: 0 1 ::: 1 0 ::: 0 1 ::: 1 cl(x)?

Table 6. Pairing pairs (a; b) and (c; d)

A last idea would be to consider “continuous” analogical proportion and to solve
interpolative equation a : x :: x : b. In a Boolean setting, such an equation has no
solution, except in the trivial situation where a = b, then x = a. In the associated class
equation one has necessarily cl(a) = cl(x) = cl(b). Then one may relax a : x :: x : b
to a subset of features and makes sure that x is between a and b in the sense that
max(h(a,x), h(x, b)) � h(a, b), where h is the Hamming distance. In such a case,
we have a variant of nearest neighbors methods.

We have emphasized the role played by affine Boolean functions, suggesting that
the training set in a classification problem might be restricted to subsets of examples
more relevant for a new item to be classified. These subsets of examples should be
covered by some affine Boolean function. Finding them remains an open question.

4 Conclusion
The paper has intended to provide an advanced discussion of the analogical proportion-
based inference principle in the Boolean case, in a classification perspective. As already
said, analogical proportion-based inference is also available for nominal and real valued
data. The application of analogical proportions to regression is an open problem; then
the agreement between a qualitative and a quantitative view of these proportions is cru-
cial (see, e.g., [24] on such issue in learning); in that respect the main gradual extension
[21,7] clearly distinguishes between situations where the changes from a to b and from
c to d are in the same direction, and where the changes are in opposite directions.

Generally speaking, some authors, e.g., [18], view qualitative reasoning as made of
components such as: comparison, categorization, identification of relations, and emer-
gence of a meaning. Analogical proportions seem to offer an interesting mixture of at
least two or three of these ingredients [14]; the proper understanding of their interrela-
tionships is still to be further explored.
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same class) or `impostor' (if the examples are of di�erent classes). This allows
the network to develop a multi-dimensional space based upon cases features,
where `genuine' pairs are pushed closer together and `impostor' pairs are pulled
further away from each other. The output of the identical neural networks (or
`sub-networks') are feature vectors for each member of the input pair. The
distance between these vectors is measured at the similarity layer to ascertain
whether they belong to the same class based upon a threshold.

Figure 1: Siamese Neural Network Architecture

SNNs use `contrastive loss', which was introduced in [4]. Contrastive loss is
calculated by summing the results of the individual loss formulas for genuine
and impostor pairs. Genuine pairs are penalized by loss LG for being too far
apart, while negative pairs are penalized by LI if their distance falls within the
given margin value. Sub-network weights are then updated by backpropagating
the loss with respect to the weights. This means that genuine pairs are pushed
closer together over the course of training, whilst ensuring that impostor pairs
maintain at least a set distance apart. The similarity metric is therefore directly
learned by the network, as it is implicitly de�ned by the loss function.

The equations for contrastive loss are detailed in Equations (1), (2) and (3).
YA and YP are binary values which are equal to 0 for genuine pairs and 1 for
impostor pairs, where YA is the actual label, YP is the predicted label and M
is the margin.

LG = (1� YA)YP 2 (1)

LI = YA(max(M � YP ; 0))2 (2)

L = LG + LI (3)
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case member of the pair. Euclidean distance between these vectors could then
be measured and compared with the threshold.

Parameter Value

Learning Rate 0.01

Learning Decay 0.000001

Nesterov Momentum 0.9

Table 1: CSN Hyperparameter Settings

In order to be comparable with the CSN, the CNN created for comparison
purposes was a close replica of one of the sub-networks outlined above. The only
major di�erence was the use of categorical cross-entropy for the loss function
and backpropagating this loss with respect to the weights.

Implementations were run for10 epochs as the loss had reached a su�ciently
low value by this point. Experiments were repeated 5 times and a mean per-
centage of accuracy calculated. There were many random elements at numerous
stages of all implementations and so running for multiple iterations and taking
the mean of the result accuracy was the only method to ensure that results were
legitimately indicative of network performance.

3.4 Splitting the Dataset into Training and Testing

Data was split between train and test sets using leave-p-out cross-validation
(LPOCV), meaning that the test set comprised of cases from p users, while
all remaining users made up the training set. LPOCV was used due to the
real-world constraints of the SelfBACK project, which involves being able to
identify users' activities based upon their similarity to other users. This o�ered
an improvement in accuracy over randomly splitting the dataset, though the
larger training set caused minor over�tting. Experiments were completed with
p set to 5 and 10, to test the e�ect that increasing test set size had on results.

At run time, the dataset is normalised using standard normal distribution,
Equation (4), where � is the mean of the training set and � is the standard
deviation of the training set. These values were taken from the training set
because the test data represented a population of unknown size and distribution.

x 2 X j x� �
�

(4)

3.5 Pair Creation

Pair creation in all experiments was completed after the data had been split into
training and test sets to ensure that there was no cross contamination which
could e�ect the results. For pair creation, we de�ned d as the number of cases
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formed competitively on the L5OCV, the CNN displayed much higher accuracy
on the L10OCV experiments, as shown in Table 3.

Architecture Test User Set Classi�cation Accuracy

CSN 5 90.75

CNN 5 91.77

CSN 10 90.03

CNN 10 92.60

Table 3: CSN and CNN Comparison on Human Activity Classi�cation

These results indicate that the CSN requires more training data to be able
to classify cases than a typical CNN does. The low variance in results across
iterations, and resistance to increasing test set size, by both architectures, sup-
ports the idea that they generalise well even to large test sets. Although the
CSN did not perform as well at classifying cases as the CNN, we argue that
the generation of similarity knowledge as a by-product of the classi�cation pro-
cess is a non-negligible contribution. The main bene�t of using the CSN over
a traditional CNN implementation is that the output of the CSN produces fea-
ture vectors of the original case base which are good representations of how
each case �ts into the case base as a whole and allows direct, accurate distance
measurements as a proxy for measuring similarity between cases.

On re�ection, there may be a couple of reasons that the CSN did not perform
as strongly on the classi�cation task as the CNN. A more structured method
of classifying the output test feature vector, such as exhaustive k-nn sorting or
informed class representative selection, could potentially o�er better classi�ca-
tion results and may be worth further study. It is a distinct possiblity that
the class representative which was randomly selected for comparison with the
test vector was a poor representative of the class, and that may have in�uenced
the classi�cation of test cases. Exhaustively comparing the test case with all
training cases, or using a method of selection to pick class representatives may
improve classi�cation accuracy.

5 Conclusion and Further Work

We have demonstrated that a CSN is capable of learning similarity knowledge
on the SelfBACK dataset. In addition, we have demonstrated that a CSN can
use this similarity knowledge to perform human activity classi�cation on the
SelfBACK dataset and can perform competitively with a CNN on this task.

In future work we would like to further explore SNN's capacity to develop
simlarity knowledge between cases in order to determine whether this could be
used in some manifestation to develop similarity knowledge between features.
Our end goal is to use this similarity knowledge in order to populate the simi-
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Time Domain Features Frequency Domain Features
Mean Dominant frequency

Standard deviation Spectral centroid
Inter-quartile range Maximum

Lag-one-autocorrelation Mean
Percentiles (10,25,50,75,90) Median

Peak-to-peak amplitude Standard deviation
Power

Skewness
Kurtosis

Log-energy
Zero crossings

Root squared mean
Table 1. Hand-crafted features for both time and frequency domains.

While hand-crafted features have worked well for HAR, a significant disadvantage
is that they are domain specific. A different set of features need to be defined for each
different type of input data i.e. accelerometer, gyroscope, time-domain and frequency
domain. Hence, some understanding of the characteristics of the data is required. Also,
it is not always clear which features are likely to work best [5]. Choice of features is
usually made through empirical evaluation of different combinations of features or with
the aid of feature selection algorithms [9].

2.2 Frequency Transform Features

Frequency transform features extraction involves applying a single function � on the
raw accelerometer data to transform this into the frequency domain, where it is ex-
pected that distinctions between different activities are more emphasised. The main dif-
ference between frequency transform and hand-crafted features is that the coefficients
of the transformation are directly used for feature representation without taking further
measurements. Common transformations that have been applied include Fast Fourier
Transforms (FFTs) and Discrete Cosine Transforms (DCTs).

FFT is an efficient algorithm optimised for computing the discrete Fourier transform
of a digital input. Fourier transforms decompose an input signal into its constituent sine
waves. In contrast, DCT, a similar algorithm to FFT, decomposes a given signal into
it’s constituent cosine waves. Also, DCT returns an ordered sequence of coefficients
such that the most significant information is concentrated at the lower indices of the
sequence. This means that higher DCT coefficients can be discarded without losing
information, making DCT better for compression.

For frequency transform feature extraction, a transformation function (DCT or FFT)
� is applied to the time-series accelerometer vector �!v of each axis. The output of � is
a vector of coefficients which describe the sinusoidal wave forms that constitute the
original signal. Accordingly the transformed vector representations, x0 = �(x), y0 =
�(y) and z0 = �(z), are obtained for each axis of a given instance. Additionally we
derive a further magnitude vector, m = fmi1; :::;milg of the accelerometer data for
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each instance as a separate axis, where mij is defined as mij =
√
x2

ij + y2
ij + z2

ij .

As with x0, y0 and z0, we also apply � to m to obtain m0 = �(m). The final feature
representation is obtained by concatenating the absolute values of the first l coefficients
of x0, y0, z0 and m0 to produce a single feature vector of length 4� l. The value l = 80
is used in this work, which is determined empirically. Further information on feature
representation using DCT and FFT can be found in [7].

2.3 CNN Feature Extraction

Convolutional Neural Networks (CNNs) have been applied for feature extraction in
HAR, due to their ability to model local dependencies that may exist between adjacent
data points in the accelerometer data [8]. CNNs are a type of Deep Neural Network
that is able to extract increasingly more abstract feature representations by passing the
input data through a stack of multiple convolutional operators [4], where each layer in
the stack takes as input, the output of the previous layer of convolutional operators. An
example of a CNN is shown in Figure 1.

Fig. 1. Illustration of CNN

The input into the CNN in Figure 1 is a 3-dimensional matrix representation with
dimensions 1� 28� 3 representing the width, length and depth respectively. Tri-axial
acceleromter data typically have a width of 1, a length l and a depth of 3 representing the
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Note that CNN-kNN outperforms CNN on both wrist and thigh at all 5 training
epochs. Also, the performance of CNN-kNN is good (on par with Freq) even after
a single epoch of training. These results are an important finding of this work and
demonstrate the robustness of kNN in effectively using deep features, irrespective of
the amount of time spent on training.

Finally, we analyse the effect of the depth of our network on the quality of deep
features we are able to extract for kNN. Figure 4 shows the performance of CNN-kNN
with different numbers of convolution layers between 3 and 5. Note that the best per-
formance for the thigh is achieved using 3 convolution layers (0.949) and performance
gradually decreases with the addition of more convolution layer (0.947 for 4 and 0.937
for 5). In contrast, performance on the wrist produces a significant increase (at 95%
using a paired t-test) with additional layers from 0.73 for 3 layers to 0.84 for 5 layers.
This indicates that deeper layers are required for effective feature extraction on more
difficult datasets. However, a relatively shallow architecture seems sufficient for easier
datasets.

Fig. 4. Results for CNN-kNN at different depths between 3-5 convolution layers.

5 Conclusion

In this paper, we have presented an analysis of different feature representation ap-
proaches for the purpose of human activity recognition using kNN. These feature rep-
resentation approaches can be broadly categorised into three classes: handcrafted, fre-
quency transform and deep features. Evaluation is conducted using accelerometer data
collection from two different body locations: wrist and thigh. Results show deep fea-
tures to significantly out-perform the other representation types on both wrist and thigh
by a margin of over 6:5% on the wrist, and 2:2% on the thigh. In addition, our eval-
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Abstract. It is a common situation to have lots of recorded data that
you want to use for improving a process in your organization or make
use of this data to provide new services or products. Starting with one
primary data set we describe a system that enhances this data set to
a level such that it can be used by a deep learning system. This deep
learning system then creates a model based on this data set, trying to
predict operational windows for marine operations. Using this model
the system extracts cases for use in a CBR-system aimed at providing
operational support. This paper describes the partial implementation
and results of this system.

Keywords: Data Science, Deep Neural Networks, Data Analytics, Case-based
Reasoning

1 Introduction
Critical operations are often meticulously planned and subject to many pa-

rameters that decide if and how these operations are performed. Some of these
parameters are called operational time windows, which in marine environments
often are connected to external factors such as weather.

This paper uses machine learning to predict favorable operational time win-
dows or warn of unfavorable operational windows, so that critical operations
can be planned with better accuracy, e.g. when the operation should ideally
take place. One way of doing this is to look at historical data of previously exe-
cuted operations. By combining data on successful and unsuccessful operations
with the relevant context of that operation, we create a data set that can be
used to find indicators for success or failure in advance. Which context that is
relevant is dependent on the nature of operational window; wind and fog are im-
portant contexts for aviation, while waves and current are important for marine
operations but not aviation.

This paper focuses on marine operations, and we analyze event data captured
from boats moving in and out of zones connected to aquaculture installations.
Next, we calculate the duration of these events and connect them to the relevant
context and the associated success or failure classification.

The data used in this analysis is gathered as part of the EXPOSED project1.
This project aims to develop enabling- and applied technologies for exposed
1 http://exposedaquaculture.no/en/
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Several works [5,6,7] use NLP to extract cases from structured and unstructured
([8,9,10]) text.

More specifically connected to the task of extracting cases from time series is the
work done by Bach et.al. [11] where they employ clustering of time-series events in
time and space, in combination with other detection methods. Funk et. al [12] uses
different models of how predictive (or discriminatory) different time-series patterns are
to different medical diagnosis of stress. For more insight into work done in time-series
analysis connected to CBR research we suggest chapter 3.3 in [13]

The work presented in this paper shares the approach of Bach et al. [11] in that we
try to extract the useful data points from the time series via clustering and filtering.
Our work differs from the previous work in that we have very few verified cases apriori
or during learning. In other words, the time-series is in all practical sense unlabeled for
our use. We will try to apply common knowledge about how long an operation usually
takes to perform. Then we can extract failed operations from the even time series to
create cases that exemplify failed operations.

3 Method
To enable the deep learning system to correctly model and predict the time spent

at an installation, we need to provide it with as much context data as possible for each
of the event data points. In addition, we need the data to be as noise free as possible,
thus we want to filter away operations that naturally have a high degree of variation
in time spent at the location. We address these two requirements by combining the
primary data set with other data sets, to enable us to provide filtering and context. An
illustration of this process can be seen in Fig. 3 . Below we describe each of the data
sets.

Fig. 3: This figure illustrates how the different data sources are combined and
filtered to provide the deep learning system as much context as possible.

Boat data set As mentioned in the introduction we do not want to analyze all
the traffic data of all of the boats. To verify that our method is usable in at least
one instance, we want to look at a specific type of boat that has stable characteristics
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when it comes to the parameters (e.g. time and stability of time) of the operations it
executes on the installation. We chose fishfeed boats in this case, as they only do one
type of operation. That way we do not need to deduce the type of operation from the
event data (one less hidden variable). In addition, this operation should be stable in
the time it takes to execute it. To filter the data accordingly we need to combine the
event data set with a data source that describes the boats. We can then easily extract
the fishfeed boats.

NORA10 data set NORA10 [14,15] is a data set that describes output of a
precise weather model (hind-cast), that is validated by measurements. It has a higher
resolution (10km) than most other models (e.g. the much used ERA2 model with 80km
resolution) as it is re-sampled for this specific region around Norway. We sample this
model for each of the installations and at each time of each event (in the case of long
events we use the median time of the event). We sample every datatype that we think
will have an impact on the time spent on an operation: wind speed, wave direction,
wind direction, significant swell wave height and significant wave height.

Exposure data set SINTEF EXPOSED has produced a data set [16] that de-
scribes the degree of exposure for a large number of the installations that are used in
the event data set. This data set provides a level of exposure for 360 degrees around the
installation (from 0 to max, where max is no land in sight). We combine our weather
data with this (described above), thus we combine the wind direction of the wind with
how exposed the location is in the direction of the wind using a filter that combines
exposure level from +/- 10 degrees around the direction of the wind.

3.1 Extracting time spent in zones.
The data set needs to contain the time spent in the zones around the aquaculture

installations. The raw data only contains events of entering and exiting the zones. To
extract this we sequentially find each exit from a zone then search backwards for the
entry to that zone by the same boat, then compute the time spent in that zone.

3.2 Grouping events close in time
After converting all discrete events into events with a duration, we still ended up

with a lot of extremely short events. This is most probably caused by boats trying
to stay close to the installation but the dynamic positioning system moves them in
and out of the inner or outer zones. To counter this fact we grouped all events with
the same boat at the same location within 1 hour into one event. However, after this
grouping there is still 63% (or 244) of the events within the first 10 minute window.
These are events within a zone that is less than ten minutes in duration and without
another event in the same location within one hour of the original event. There are
three possible explanations for these strange events: 1. The boat is passing through
the location, and not returning for at least one hour. Or otherwise briefly enters and
exists the zone, without this fact having any effect on the operation. 2. The boat
tries to perform an operation at the location but has to abort and leaves within ten
minutes. 3. The event was not registered correctly when the data was gathered. The
most probable cause for most of these events are boats that travel through the zone
heading for another location. This hypothesis can be tested by removing outer zone
events from the distribution. As the inner zone is small, very few of these big fishfeed
carrier boats would drive through the inner zone of an aquaculture installation when

2 http://www.ecmwf.int/en/research/climate-reanalysis/era-interim
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predicted and true values; predicted values consistently returns too high values, and
fails to predict short stays. A cross validated (cv = 5) hyper parameter grid search
was performed and showed no better performance at 10 hidden layers with 56 nodes
in each hidden layer.

Fig. 7: This shows the DNN model try to predict the amount of time spent at
a installation in orange, and the actual time spent in blue. The X-axis is simply
the record number, where the record are ordered along the time axis.

After we received the disappointing results we created scatter plots of two weather
variables in relation to the length of stay at the installations. Typically most would
assume there would be a pattern of some correlation between the weather and the
length of stay. However Figure 8 shows that neither wind (8a) or waves (8b) reveals
any obvious correlation patterns against time spent at installations.

In addition we did a principal component analysis of the data, to discover if there
where any clear principal components that could contain the variance in the data. The
components returned: C = (0.127, 0.117, 0.109, 0.099, 0.091, 0.039, 0.034, 0.028, 0.020, 0.011
, 0.008, 0.004, 0.002, 0.000) Where the sum of components sum(C) = 0.6967 indicating
that the total of the components could account for little of the variance. Finally we
tried a standard method for non-linear regression as a base-line result to measure the
DNN against. We tried Epsilon-Support Vector Regression (SVR) which scored with a
coefficient of determination R2 = −0.83 which is worse than constantly predicting the
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1! Workshop overview 

The third workshop on Process-oriented Case-based Reasoning (PO-CBR) is dedicated 
to address the challenges of integrating Case-Based Reasoning (CBR) with process-
oriented research areas like Business Process Management, Workflow Management 
and Planning. Consequently, several types of processes are in the interest of this work-
shop, mainly business processes, software processes, planning processes, and search 
processes. 

Business Process Management (BPM) is a set of activities aimed at defining, exe-
cuting, monitoring and optimizing BP, with the objective of making the business of an 
enterprise as effective and efficient as possible, and of increasing its economic success. 
Such activities are highly automated, typically by means of the workflow technology. 
BPM activities, and BP optimization in particular, may ask the enterprise to be able to 
flexibly change and adapt the predefined process schema, in response to expected situ-
ations (e.g. new laws, reengineering efforts) as well as to unanticipated exceptions and 
problems in the operating environment (e.g. emergencies). 

The agile workflow technology is the technical solution which has been invoked to 
deal with such adaptation and overriding needs. In order to provide an effective and 
quick workflow change support, many agile workflow systems share the idea of re-
calling and reusing concrete examples of changes adopted in the past. To this end, Case-
based Reasoning (CBR) has been proposed as a natural methodological solution. 

Software Processes can be studied from different points of view. In the Software 
Engineering field, artifacts like models, diagrams, etc. define Software Development 
Processes that can be reused to generate new applications. There is also a significant 
trend on reusing different software components to compose a workflow that models the 
behavior of a system. Web Services, Scientific Software or Product Lines are some 
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examples of such approaches. In this topic we cannot forget a closely related domain 
like Planning. All these areas are related to Software Processes and can take advantage 
of the CBR paradigm to reuse existing solutions, components, compositions or plans. 

As a matter of fact, in recent years many examples of CBR-based process change 
reuse and workflow adaptation support have been proposed in the literature. The work-
shop should serve as a means for exchanging novel as well as more consolidated ideas 
and examples in the field, and to identify promising research lines and challenges for 
the future. Furthermore, the automatic monitoring and anomaly detection (real time or 
retrospective) in Business processes, including the automation of decision support on 
Business Process execution and design is becoming important. Finally, the reuse of 
knowledge across Business processes and workflows, cold start challenges and case 
base maintenance are other challenges in this area. 

This year the PO-CBR workshop also hosts two papers focusing on health-care ap-
plications. 

 
1.1! Key workshop areas of interest 

The Key areas of interest for the workshop are: 

• Methodological issues: 
─ Case-based representation of process knowledge (by workflows, traces, plans, 

etc.)!
─  Case-based retrieval for process optimization !
─ Similarity measures for process optimization!
─ Experience reuse in PO-CBR!
─ Case-based adaptation for process optimization!
─ Extraction of process knowledge!
─ Visualization and explanation of process knowledge!
─ Cross-process knowledge reuse!
─ Maintenance of business process knowledge!
─ process-oriented transfer learning!

 
• Applications, systems and tools:!

─ PO-CBR applications in Business Process Management, Software Processes, E-
Science, Web Science, E-Governance, E-Health, product development, search, 
games, cooking, and further application domains 

─ Evaluating CBR tools for PO-CBR 
─ Agile workflow technology with CBR components 
─ CBR in (commercial) workflow management tools !
─ Applications of PO CBR in Health!

• Lessons learned in PO-CBR investigations  
• Challenge tasks for CBR systems in the context of business processes, software pro-

cesses, planning processes, search processes, monitoring processes and decision sup-
port processes 
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membership function, which also indicates how far the FunMet of each method Met is 

from the minimum Fun. 

Then, select the algorithms considering the 휇  and ɛFun classifications by 

equation (8). 

푀푒푡ℎ표푑 =

푀푒푡ℎ표푑 , 휇 = 푁퐸퐺퐴푇퐼푉퐸

푀푒푡ℎ표푑 ,
휇 = {푉퐸푅푌 푆푀퐴퐿퐿; 푆푀퐴퐿퐿}

휇 = {푉퐸푅푌 푆푀퐴퐿퐿; 푆푀퐴퐿퐿}

 

∀ 푀푒푡 ∈ {1, … , 푁 } 

(8) 

The methods with 휇  equal to NEGATIVE, which means an execution time 

below the MaxTime, are accepted to solve the current case, without considering their 

effectiveness classification (ɛFun). The other methods with a time slightly higher than 

MaxTime, which have VERY SMALL and SMALL efficiency classification (휇 ), 

are accepted if they also have an objective function close to the minimum, which are 

VERY SMALL and SMALL classifications for the effectiveness membership function 

(ɛFun). All methods that are classified as bigger are automatically excluded, since their 

execution time is too big to useful for the considered problem or the results quality is 

too low (big difference from the best methods).  

Finally, the fuzzy confusion matrix, which joins the two membership functions 

(휇  and ɛFun), is applied to take actions regarding the methods with VERY SMALL 

and SMALL classifications. Basically, these methods are changed in terms of their 

parameterization to reach a lower execution. The amount of these changes will be given 

by the fuzzy confusion matrix, which can be consulted in the fuzzy confusion matrix 

presented in Table 2. This enables to consider methods that would be excluded because 

they are above MaxTime, but have good objective function results.  

Table 2. Fuzzy confusion matrix for small and very small classifications of 

effectiveness and efficiency 
Efficiency Classification Effectiveness Classification Action to take 

VERY SMALL 
VERY SMALL Very small reduction 

SMALL Small reduction 

SMALL 
VERY SMALL Small reduction 

SMALL Big reduction 

2.4 Retain 

Evaluate the possibility of storing the results of the current case study in the database 

of historic cases. Determine the similarity of the current case study (PCS) by applying 

the equations (4) and (5), include the current case in the database of historic cases, if its 

similarity percentage is lower or equal to 95%, defined as equation (9). 

퐻퐶 =
퐶푆, 푃 ≤ 0.95
0, 푂푡ℎ푒푟푤푖푠푒 

 (9) 

A current case with a percentage higher than 95% is not adding new value to the 

historic cases, since it is only bringing useless information to the processed. 
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2.1 Overall architecture

Figure 1 shows the overall architecture of the WFCF, which we will explain
in the following. The architecture can be divided roughly in three parts: the
environment, the monitoring component and the management component. The
environment are the cloud and the work
ow management tool that is used by
the customer. Ideally, WFCF will use the already o�ered information and man-
agement methods of the tools, so that additional changes are not necessary.
Therefore, WFCF will use o�ered log �les, databases and API’s for monitoring
the environment and to con�gure the cloud. CWorkload is the monitoring com-
ponent. It collects information from the environment and combines data across
the di�erent layers (the cloud layer and the work
ow layer) to one status model
of the system. We had done initial tests for the cross layer monitoring aspect of
CWorkload in [10]. The management component recognizes current or upcoming
problems within the system. This could be for example violated SLA’s, violated
constraints or resource over-provisioning. If a problem occurs, the management
component searches for a solution and recon�gures the cloud. We will explain
this in more detail in section 2.3.

Fig. 1. Architecture of WFCF

2.2 Monitoring

The main components of WFCF work independently from the actually used
environment. To work properly, WFCF needs information about the status of
the actually running work
ow instances and the resource utilization of the cloud.
The basic idea is, to connect the used work
ow engine and cloud to WFCF with
connectors. This allow the usage of di�erent engines and clouds without or just
small adaptions. For further details, please have a look at our previous work [12].
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2.3 Management

Whereas the monitoring component observes the environment, the management
component con�gures it. This means, the management component starts and
stops virtual machines or PaaS container, scales resources and migrates con-
tent. Figure 2shows the management component in more detail. After CWork-
load has built the WFCF CloudWF Status, CProblem is the part of WFCF
which interprets the current status of the environment that is recorded as the
WFCF CloudWF Status. Besides the CloudWF status, there is another archive,
the Global SLA // Constraint Archive, where global constraints and SLA’s are
stored. The Global SLA // Constraint Archive contains SLA’s and constraints
that are valid for all work
ows of a user. There are several di�erent problems
that can occur and which CProblem will identify, e.g., violated SLA’s. We are
planning that CProblem does not only check the current situation, but also do a
forecast to identify upcoming problems and over-provisioning. A work
ow de�-
nition contains all information about the structure of the work
ow. For example,
the name of the tasks and their order. Via the work
ow de�nitions, for example,
CProblem can recognize if a certain web service is going to be used in the future
by a currently running work
ow instance. If not, WFCF can shut down the VM
or container to save money. Another possible scenario could be that currently,
there is no violated SLA, but in the near future, several tasks with high resource
demand will be started, which can probably lead to a SLA violation, so WFCF
should scale up the resources to avoid this problem. Forecasting SLA violations,
however, could be a di�cult task. To decide if the start of some resource inten-
sive tasks lead to a SLA violation is not as easy as to recognize if a web service
has not started yet. A simulations seems a proper way to identify these kind of
problems. Therefore, CProblem interacts with CSimu. We are planning to use
CloudSim [1] as the core of our simulation part. CSimu will simulate the execu-
tion of the tasks with the current cloud status and will show if this will lead to a
SLA violation. If any problem is unidenti�ed, CProblem extends the CloudWF
status with annotations about the problems. This new annotated model is the
WFCF CloudWF Problem. Such annotations could be, for example, web service
x is not longer needed or SLA y is currently violated. Whereas CWorkload is the
core of the monitoring component, the WFCFSolver is the core of the manage-
ment. Similar to CWorkload, the solver has two jobs. First, the solver searches
for a new cloud con�guration that solves the current problems. Then it �nds a
recon�guration path from the current cloud con�guration to the new solution.
In the last step, the solver sends the recon�guration steps to the WFCF Con�g-
urator as shown in Figure 1. The recon�gurator then will do the recon�guration
job. There are several possible approaches to �nd a new cloud con�guration. We
will choose Case-Based Reasoning (CBR) as our solving strategy.

3 CBR FOR PROBLEM SOLVING

In this section we take a closer look how the WFCFSolver will solve the cloud
management problems with CBR methods. As mentioned in Section 1, the idea
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or the solution can serve as a starting point for a new solution. Anyways, the
solver will send the solution back to CProblem to check if the solution comes
up with new problems. CProblem will check and simulate the solution and give
feedback to the solver. This will be repeated until a solution is found or another
condition is ful�lled. This could be, for example, a time limit. In this case, the
solution with the least signi�cant problem will be chosen. The usage of CBR
also opens the opportunity for post-mortem analysis and improvement of the
stored solution, while WFCF is otherwise idle. This lazy learning can also be
used, if there is no similar soluation, or when the case base is empty. In such a
case, a simple rule based approach can generate a �rst placement for the current
situation and a post-mortem analysis can improve the result afterward, for the
next time, a similar situation approaches. In addition to the case base, there is
the WFCF Cloud Resources and Service Archive. This archive contains infor-
mation about the available type of containers, VM’s, web services and so on.
This archive helps the solver to �nd valid solutions. Similar to the connectors in
the monitoring part, the Cloud Service Explorer is a connector to the cloud to
discover available sizes and services and store them in the Resources and Service
Archive.

4 EXAMPLE

To demonstrate the idea of WFCF, we will give a running example. As our
example domain, we chose music work
ows to mastering music. The purpose
of such a work
ow is to transform and process a music �le. This includes to
normalize and limit the volume of the sound, increase or reduce the sample rate,
convert from mono to stereo or reverse and adding special e�ects like fading
and compressing the size of the music �le. Figure 4 shows an example work
ow.
The work
ow is modelled in BPMN [8]. To simplify the image, �gure 4 does not
show the input and output �les of the web services. The work
ow starts with
the Init Work
ow Parameter tasks to initialize the work
ow by a human. The
user chooses some parameter for the later mastering. The following two tasks
are also human tasks require along with the �rst one no cloud resources. The
following tasks are all based on web services and alter the music �le each time.
For example, the task normalize normalizes the volume of the music �le, while
the task fading adds a fade-out e�ect to the end of the music. Let us assume
that task choose �le is currently active.

CProblem realizes that, in the near future, the task normalize will start. This
task requires the web service normalize web service that is not available at the
moment and this is a problem. CProblem prepares the WFCF CloudWF Prob-
lem and annotates that this web service is required. Because of the simple cloud
con�guration and because no SLA’s are involved, no simulation from CSimu is
needed. The WFCFSolver searches its case base for a case where a web service
is required and no container is currently started. Let us assume that the WFCF-
Solver �nds such a solution and this solution includes to start a container with
the needed web service. The solver will send this solution back to CProblem to
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WFCF with Cloud Socket. An open issue is to design the similarity functions
in detail and the WFCF CloudWF Status model in a universal way without
dependencies of the actually used tools. Another future task is the acquisition
of a larger set of problems that should be recognized and solved and also to in-
vestigate how strong is the impact of di�erent optimization goals (for example,
reduce costs or reduce SLA violations), for di�erent solutions.
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procedural experiential knowledge from these Internet communities. In the course of
this project, several significant contributions to POCBR research have been made, par-
ticular in the fields of workflow extraction from text, workflow retrieval, and workflow
adaptation. The methods have been consistently evaluated in the domain of cooking
recipes. This paper presents a summary of those achievements and shows, how they are
connected to draw an overall picture of POCBR.

2 Architecture for POCBR

The overall architecture of our POCBR approach in the EVER project is illustrated in
Fig. 1. First, procedural experience is gathered from Internet communities (or alter-
natively from repositories of workflows in the Business Process Model and Notation
(BPMN) format) and stored in a suitable representation. More precisely, a case base of
semantic workflows is constructed by extracting workflows from textual sources. The
workflows in this repository can be reused, i.e., for a particular problem situation a suit-
able process represented as workflow can be suggested. This is primarily achieved by
retrieving the best matching workflow from the repository. If required, the workflow
is automatically adapted according to the requirements and restriction in the particu-
lar scenario. The required adaptation knowledge is automatically learned from the case
base. In addition to these steps (which basically correspond to the phases of the R4-CBR
cycle [1]) we also include specific methods for user interaction, enabling a conversa-
tional POCBR approach [30]. In the following section, we will summarize our research
related to various components of the architecture.

Fig. 1. EVER architecture for POCBR.
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Since ICF is inherently a health and health-related classification, it is used as a clinical 

tool in needs assessment, matched treatments with specific conditions, vocational 

assessment, rehabilitation and outcome evaluation. It also used as an educational tool 

in curriculum design and to raise awareness and undertake social action [9]. The 

structure of ICF is illustrated in Fig. 2 [8].  

Scherer et. al. developed ICF codes (111) for dementia with an integrating evidence 

gathered from preliminary studies that included focus groups of health professionals, a 

systematic review of the literature, and empirical data collected from patients and 

caregivers [9]. In this paper, these 111 parameters are utilized as case features. Case 

representation contains the vectors of ICF word association strengths and ranked 

common keywords. As shown in Fig 3. case structure includes the identified keywords, 

problem description, and solution recommendation.  

 

Figure 2: ICF Structure 
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According to the equation (1) and (2), the frequency, co-occurrence and WAS of these 

words are calculated as follows: 

푓푟푒푞푢푒푛푐푦(퐴푙푧ℎ푒푖푚푒푟) = 4                                                                                     (3) 

푓푟푒푞푢푒푛푐푦(푚푒푚표푟푦 푙표푠푠) = 2                                                                                 (4) 

퐶표표푐 (퐴푙푧ℎ푒푖푚푒푟, 푚푒푚표푟푦 푙표푠푠) =  1                                                                   (5) 

WAS(퐴푙푧ℎ푒푖푚푒푟, 푚푒푚표푟푦 푙표푠푠) = + 0,5 = 0,28125                                     (6) 

 

For an implementation of this formula, first, the library of pdf box [30] is used. The 

large text which is created based on ICF parameters for each dementia-related diseases 

defined as a long string, and it is the string array. 

In the second step the frequency of keywords and co-occurrence of them in the ten 

words (five right and five left) window size is calculated. Therefore, the WAS values 

are calculated for all keywords in each case as cells of DePicT Profile Matrix(was). 

Each reference has a word association vector with all relevant keywords of the 

reference. DePicT CLASS checks the similarity of this vector with the new vector 

(incoming) which is created with the selected input keywords of a user request. We 

have also DePicT Profile Matrix(wi) and DePicT Profile Matrix(wt) for defining the 

weights in each case and each reference, respectively. 
w11 ⋯ w1j ⋯ 푤1푘

⋮ ⋱ ⋮
wi1 ⋯ wij ⋯ wnk

                    (7)          
w11 ⋯ w1j ⋯ 푤1푘

⋮ ⋱ ⋮
wtj ⋯ wtj ⋯ wqk

                   (8) 

Where wij =  is the weight of identified keyword j in the case i and fij is the frequency 

of word j in the case i and N are the total number of identified keywords including their 

frequencies in case i. Moreover, where wtj =  is the weight of identified keyword j in 

the reference t and is expressed as follows: 

I) ftj is the frequency of word j in reference t and Q is the total number of common 

keywords between reference t and IC.  

II) Moreover, for the reference image t, ftj is the impact factor of word j in the reference 

t and Q is the sum of impact factors of all common keywords between a reference image 

and incoming image. 

The similarity measurement for comparison of target case or incoming case (IC) and 

references in DePicT Dementia CLASS is expressed with the following [18]: 

SIM (IC, Rt,i) =  ∑ ∑ ∑
.  ( , . )

                                                              (9) 

where Rt,i is the word association profile vector of tth reference from case i.  

Rt,i = (WAS1;0;i; :::WASj;t;i:::;WASr;q;i)                                                                         (10) 

Where WASj,t,i is the feature value of the word association strength of word j of tth 

reference in case i. r is the total number of words in the tth reference of case i, and q is 

the total number of references in case i. 

DePicT Dementia CLASS user interface as shown in Fig 4. consists of a query as a free 

text, list of selected keywords, result and feedback interfaces. The result part contains 
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Abstract. Recommender systems are becoming very popular as they
are able to predict the preferences of a user. This make recommendation
based on the user pro�le, past ratings or/and additional knowledge such
as user contextual information. Applied to the health area, they can
take advantage of context information to support health promotion and
disease prevention.
We present a recommender system for the promotion of physical activity
called CoCARE. It recommends videos about physical activity based on a
user pro�le, his/her context. The main challenge of CoCARE is the small
set of videos to be recommended, because the selection of the videos is
done manually by of health experts. Several health recommender systems
have this same problem. Although today there are a large number of
videos available on the Internet related to physical activity. These could
not be included in the data base of CoCARE; because these do not have
enough information to be categorized and pro�led.
This article proposes a CBR system, this assigns a physical activity cat-
egory to new video. In this way the new video will be added to the list
of CoCARE recommendations. In this CBR process, basically consists
on analyzing the description of the new video and compare it with the
cases base of CoCARE, selecting the category of most similar cases.

1 Introduction

Recommender systems in the health area have been proven as useful tools to
help patient-oriented decision making systems, promoting physical activity and
disease prevention, in general, to improve health conditions through healthier
habits. Health recommender systems (HRS) aim to promote health programs, to
provide patients with relevant information, products or services, using knowledge
about his/her personal health record systems [1].

In the literature, we �nd few systems that recommend health educational
multimedia contents [2{6]. Users get recommendation of exercises (stretching,
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strengthening,etc.), with outdoor or indoor sessions, based on the user informa-
tion taken from mobile devices, activity bracelets, sensors, and his/her personal
health records and risk factors [7].

We have developed \CoCARE" a platform for promotion of healthy lifestyle
on the basis of a context-aware recommendation system designed for mobile
smart devices [8]. Advancements in technology, mobile devices, sensors, and
wearable devices, provide users with self-monitoring dynamically acquired in-
formation of her physical activities. CoCARE recommends multimedia content
of physical activity and healthy diet based on a user-context model. Given a
user pro�le and a category, the system recommends some videos about conve-
nient physical activities for this user at this moment. Our system relies on an
initial database of activity videos that are labeled with information used dur-
ing the recommendation process. Currently the system has a limited number of
videos that have been manually acquired from experts in the health area.

CoCARE has a database with 80 videos. These have been tagged with its
title, description, category and keywords (see example in Table 1). One video
could be recommended to several users based on a decision model given by
domain expert.

Title Description Category Keywords

Physical
Therapist
Shows
How To
Walk
Correctly

Rehab and Revive Physical Therapy We can and we
will get better together! Orange County Physical Thera-
pist and Certi�ed Functional Manual Therapist, Dr. Lin
talks about how the hip, the legs,and the arms correlate
to proper walking and how it can help you walk more
e�ciently. Proper walking helps prevent pain and other
chronic injuries.

Walk advance,
amble,
foot it
advance,
amble,
foot it.

Table 1: Example of CoCARE Videos Description

Concretely, the decision model is built from a dataset of 597 instances (rows),
6 attributes and 1 main class (see Table 2) created by the expert. CoCARE builds
a decision tree using a supervised learning algorithm. Then, the system classi�es
the query with information about the user and his/her context and uses the tree
to recommend contents based on the current user situation [9].

In this paper we deal with the problem of video acquisition and tagging.
Internet provides with a huge amount of videos, most of free use, related with
physical activities: dancing, running, �tness, GAP. Our goal is to use these videos
as recommendation items in our system. To do that, we would need to annotate
the videos with information about the potential users that would bene�t from
them. We propose a CBR system to automatically classify videos given its textual
description. This CBR system also computes similarity between the CoCARE
user pro�les set and the new video categories, to found its categories.

The paper runs as follows. Section 2 describes the recommender system of
CoCARE based on decision model. Section 3 explains the CBR process to auto-
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matically annotate new videos. Section 4 evaluates the CBR system. Section 6
concludes the paper and discusses some lines of future work.

2 CoCARE

CoCARE (see Figure 1) is a context aware recommender system that recom-
mends videos on physical activity (PA) and healthy diet (HD) to patients for
promotion of her healthy habits. CoCARE incorporates a context- adaptable
interface based on decision trees.

Fig. 1: Mobile CoCARE

CoCARE recommends multimedia content of physical activity and healthy
diet based on user and contextual information. The basic user model includes
details on the user personal pro�le (see Table 2). The system takes advantage
of additional contextual factors to provide with personalized recommendations
of multimedia content. The query includes static information like user pro�le,
and dynamic features like geo-lacation or indoor location, date (day or season),
daily schedule of the user and it can detect when the user has company. [8].

Although the CoCARE system works well as a prototype, it relies on an
initial video database of 80 videos. That means di�erent problems:

{ Users get repeated contents after a while.
{ Lack of novelty contents provokes user desertion.
{ The task of including new videos is cumbersome.
{ New videos were included without expert supervision and they were misclas-

si�ed and never recommended to the right users.
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Sim(UPq; UPr) = �

where

a = Sim(BMIq; BMIr)�[0; 1]

b = Sim(ageq; ager)�[0; 1]

c = Sim(etq; etr)�[0; 1]

d = Sim(trq; trr)�[0; 1]

e = Sim(prq; prr)�[0; 1]

f = Sim(mcq;mcr)�[0; 1]

g = Sim(categoryq; categoryr)�[0; 1]

� = 0:1 ∗ (a+ b+ c+ d+ e+ f) + 0:4 ∗ g (6)

(7)

The table 3 shows an example. Our query in this example is UPq and D=
\Steve and Jackie take you through how to get the most out of power walking
and show you how bene�cial it truly is. Yes it is an Olympic sport!".

First the CBR1 module got 3NN categories as: Walk, Exercises and HIIT.
So the CBR2 module compared the UP associated to these categories and found
the most similarity UPr. Next the system uses cross validation and retrieves
a success solution only if the similarity measure � ≥ 0:7. This process is the
comparison between attributes UPq and UPr. For example the table 3 shows a
test case, we obtained a score of � greater than 0:7, so UPr was added to CB.

Test Case BMI age et tr pr cv V

UPq normal weight Adult other without trauma beauty diabetes Walk

UPr overweight Young Other without trauma beauty diabetes Walk

Test Case a b c d e f g

Test Case 0 0 1 1 1 1 1

Table 3: Example cross validation

In each leave-1-out step, we obtained 3 values: the similarity of the best cases
returned by the CBR1 module (1-NN), the 2 best cases (2-NN) and the 3 best
cases (3-NN). Next we made 2 tests with Majority Voting (MV) and Weighted
Majority Voting (WMV) in CBR2 module. Figure 3 shows results from our
experiment as:

{ Case 1, it is represented by the blue bar. We found the user pro�le with
majority voting (MV) for 1NN, 2NN and 3NN.

{ Case 2, it is represented by the red bar. We found the user pro�le with
weighted majority voting (WMV) only for 2NN and 3NN.
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recommendation techniques and how performance the validation them. On the
other hand, these works didn‘t make mention about how many recommendations
have their systems, apparently the systems has few contents to recommender.

The next related works relate with CBR topic. [13, 14], these works use a
CBR algorithm to recommend diabetes care videos to adults, however there is
no evidence that their systems can retrieves additional information from the
videos description. There are other systems that retrieve textual information
[10, 15, 16], recover the sentences that are necessary and complete the sentence,
others recover symptoms of some disease with the user pro�le. However, there
is no evidence a system that �nds user pro�les with just the description of an
item (video).

Our CBR systems retrieves a user pro�le from the video description. This
could be useful in others areas such as education, commerce and / or advertising.
For example one recommendation systems could �nd a user pro�le �t for learning
content or advertising videos with just the description of item.

6 Discussion and Conclusions

We have described our CoCARE recommender system. CoCARE recommends
videos of physical activity categorized by health experts. But the problem is
that they are very few, to include a new video must be properly categorized
for a user pro�le. Our CBR allows you to categorize the video and �nd an
appropriate pro�le from the description of a video. In this work we proposed a
system composed of 2 CBR system, the �rst categorizes the new video and the
second delivers the appropriate pro�le. We have evaluated that the CBR system
delivers a better response if the �rst CBR is 3NN and CBR2 is with similarity.

Our CBR system uses little input knowledge to get an adequate solution. It
o�ers a simpler alternative to associate videos to the needs and preferences of
di�erent users.

Our system bene�ts the user and the health expert, with the possibility of
having new recommendations that help the adherence of the physical activity
program.

The work presented in this paper opens several lines of future work.

When you have very short video descriptions the CBR system loses precision
in �nding the right category, although the results we obtained are very promising
we have considered that they can be improved if we extend the description from
synonyms using an ontology of synonyms and algorithms matching of learning.

We plan to take information about the most viewed videos on the Internet
(YouTube) and use their description to classify them, assign to the new video an
appropriate user pro�le and add to CoCARE case base CB automatically using
collaborative �ltering and CBR.
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Preface

The Doctoral Consortium proceedings contains the research summaries that were
presented at the 9th Annual ICCBR 2017 Doctoral Consortium which was held
on Monday June 26th 2017 in Trondheim, Norway. There were 9 accepted sub-
missions consisting of (i) an application cover page, (ii) a research summary, (iii)
a curriculum vitae and (iv) a letter of support from the student’s advisor.

The objectives, progress, plans and references in each research summary were
progressively re�ned according to feedback from two PC members. Feedback was
organised into three broad areas: general outlook in terms of research hypothesis
and proposed methodology; detailed comments speci�c to the student’s project;
and �nally advice for the talk presentation.

Participants in the Doctoral Consortium were assigned a mentor. A face-
to-face pre-event meeting opportunity, held on June 25th, enabled all student-
mentor pairs to meet in person, and to re�ne their presentations. The evening
ended with the DC participants and mentors meeting with other conference
participants for dinner.

On June 26th, the formal program started with an invited talk by Dr Odd-
Erik Gundersen from NTNU. The next sessions featured 20-minute talks pre-
sented by the nine doctoral students on their research summary. Mentors had the
responsibility of leading the question and answer session following each mentee
presentation. A �nal wrap-up session concluded the day. The presentations cov-
ered a wide range of CBR topics including similarity and retrieval, process-
oriented CBR, case-based maintenance, CBR and big data. Healthcare as well
as industrial applications were described.

Many people participated in making the DC event a success. We wish to
thank all our PC members who provided important and useful guidance to DC
students, either as reviewers or as mentors. We are very grateful for the generous
support of the National Science Foundation which helped fund travel costs for
our students from the US.

Finally thank you to all our DC participants. We had a returning PhD stu-
dent participant which was a valuable indicator that the DC at ICCBR is a useful
and bene�cial event. We trust that the ICCBR-17 DC enhanced your interest
in studying CBR and that the welcome and support from the CBR community
has reinforced your interest in this �eld for the future.

June, 2017 Stefania Montani
Jonathan Rubin
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1 Research Summary

Many commercial information systems and enterprise resource planning tools
routinely adopted by organizations and companies worldwide, like those provided
by, e.g., Oracle and SAP, record information about the executed business process
instances in the form of an event log [5]. The event log stores the sequences (traces

henceforth [3]) of actions that have been executed at the organization, typically
together with key execution parameters, such as times, costs and resources.

Event logs constitute a very rich source of information for several business
process management tasks. Indeed, the experiential knowledge embedded in
traces is directly resorted to, e.g., in operational support and in agile workflow

tools, which can take advantage of trace comparison and retrieval. Opera-
tional support [3] assists users while process instances are being executed, by
making predictions about the instance completion, or recommending suitable
actions, resources or routing decisions, on the basis of the comparison to already
completed instances retrieved from the log. The agile workflow technology [10,
8] deals with adaptation and overriding needs in response to expected situations
(e.g., new laws, reengineering efforts) as well as to unanticipated exceptions and
problems in the operating environment (e.g., emergencies) [4], even if the default
process schema is already in use by some running instances [9, 2]: in order to
provide an effective and quick adaptation support, many agile workflow systems
share the idea of recalling and reusing concrete examples of changes adopted in
the past, recorded as traces in the event log. The CBR [1] methodology, and in
particular the retrieval step, can therefore be adopted in this context.

In my PhD thesis, I am developing a framework to compare and retrieve
process traces, represented at di↵erent levels of abstraction. The framework
will then be interfaced to operational support or agile workflow tools, as well
as to other analysis mechanisms. In this paper, I describe the methodological
approach behind trace abstraction; the applications mentioned above will be
considered in my future work.
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2 An Overview of the Project

The goals of this project are to develop a means of capturing experiential knowl-
edge from BT engineers and to produce an application which can learn to provide
expert-level support in the field using that information. The system should be
able to support engineers by retrieving relevant results and adapting to new
situations accordingly, producing results which are applicable in the real-world.

In the field, an engineer is only able to access notes (historical task records)
which are part of the current task. These notes are plain text and contain
customer and location information, but rarely indicate what piece of equipment
the fault may relate to (as this may not be known at the time of task allocation),
the context of the task, or similar tasks. An engineer is expected to rely heavily
on past experiences and training in order to diagnose and solve problems, but
this can fail if the task has novel, unusual or specialist elements. Some of these
failures may be avoided if there existed a means of drawing upon the experiences
of engineers who had previously encountered similar problems.

To give a real example, a BT power engineer was called out to a ‘low-voltage’
alarm in a rural exchange. It transpired that the mains power had failed and the
back-up generator had not started, so the exchange was beginning to lose power
and risked the network going down for nearby customers. The engineer was
unsure of what the exact fault with the back-up generator could be and spent
some time attempting to diagnose the problem before calling for help. It was
only when an engineer with more experience arrived that the fault was eventually
diagnosed - the ac/mc contactor within the generator needed replaced. This was
a time-dependent and critical fault which could have had important business
repercussions and was only solved because a more experienced engineer was
able to attend on short notice. If experience and knowledge could be more
effectively transferred between engineers, then we could severly reduce the time
taken to solve these faults, as well as the manpower required to do so and the
risk of failing to complete time-critical faults.

We aim to use the notes and other knowledge assets (including video, photo
and audio content) as the case base for an intelligent system which can reply to
engineer’s queries and propose a solution. This would alleviate pressure upon
engineers by giving them access to a ‘digital expert’ which could draw upon
historical experiences from the entire work force to provide support in the field.

3 Contributions

As this project is a collaboration between a representative of industry and a
university, it is important that the research provides an academic contribution,
but remains viable for use in a commercial setting. There often exists a discon-
nect between the two, fuelled by the exploratory nature of research and the fact
that ’state-of-the-art’ measures may involve expensive procedures or equipment
which do not have commercial viability. Therefore, this project is a case study
of a research project which has both academic importance and good business
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case base grows, the swamping utility problem can adversely a↵ect case retrieval
times, degrading system performance [6]. CBR and Big Data collaboration is an
emerging topic, some researches have been carried out focusing mainly on case
base maintenance methods, aiming to reduce the case base size while preserving
competence [8][7]. Few CBR projects have considered scales up to a million of
cases [10][9]. The ability of case-based reasoning to reason from individual ex-
amples and its inertia-free learning makes it appear a natural approach to be
applied to big-data problems such as predicting from very large example sets [6].
Likewise, if CBR systems had the capability to handle very large data sets, such
a capability could facilitate CBR research on very large data sources already
identified as interesting to CBR, such as cases harvested from the Experience
Web [11], cases resulting from large-scale real-time capture of case data from
instrumented systems [12], or cases arising from case capture in trace-based rea-
soning [13].

3 Research Focus

In my thesis I am going to concentrate on building a multi-agent CBR system
that extends the SEASALT architecture. The proposed approach is designed
to semi-automate the building of cases based on chunks of data coming from
di↵erent streams, and being able to work with big number of historical cases
stored in our case base. A real use case to elaborate the main goal of my model
would be in manufacturing [14]. In manufacturing processes data comes from
di↵erent machines and sensors. We need to detect any pattern that has led to
a disqualified end product, and give a proactive solution to avoid or mitigate
the e↵ect of these kinds of patterns [15]. Hence, from the Big Data 4V’s, I will
mainly focus on velocity and volume with lower exposure to variety. I need to
collect data from di↵erent sources and be able to detect patterns that match
our old cases in real time. To achieve the aforementioned goals, the following
objectives have to be fulfilled:

1. Extend the original SEASALT architecture with a new layer ”Knowledge
Stream Management”

2. Correlate and synchronize between the chunks of data that come from dif-
ferent sources

3. Collect su�cient knowledge from domain experts that help in achieving point
2

4. Develop a methodology to apply the new approach to existing multi-agent
systems as well as integrating it into the development of new multi-agent
systems

5. Evaluate the new approach and the methodology within an industrial use
case

6. Compare performance and accuracy with other existing techniques and sys-
tems

The proposed approach is roughly described in details in the following sec-
tions.
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1. Introduction 

In the last decades, many medical assistance systems have been developed, and the interest 
in computer-aided problem-solving in medical and healthcare is constantly growing. Most 
of the software systems in this domain focus on decision support and recommendation of 
effective medication for patients. The combination of statistical analysis and case-based 
reasoning can facilitate a better medical diagnosis [1] [2] [3]. Within the case comparison 
mechanism of CBR, feature selection, similarity measurement, and adaptation methods 
play an important role to retrieve and revise cases. In this research, DePicT (Detect and 
Predict diseases using image classification and Text Information from patient health 
records) uses image interpretation and word associations for feature selection and 
recommendation of medical solutions [4]. All gathered patient records are stored in 
relational databases as structured or closed-format (e.g. parameters and statistics), or 
unstructured or open-format e.g. texts and images. For example, images of affected areas 
of a melanoma skin cancer can contribute and support early stage diagnosis. Also, further 
information on answering questions or writing a statement about the patient's health 
condition is added to the knowledge base. Domain Experts can validate and verify the 
collected information and also update the case-base to correct the data records of patients. 
In the other hand, more over than assisting for detecting and predict the disease, the 
Vocational Educational Training (VET) and Technology Enhanced Learning (TEL) [5] is 
a research field which is investigated continuously. DePicT CLASS (Detect and Predict 
diseases using image classification and Text information in Case-based Learning 
Assistant System) is a CBR system by enrichment of cases with learning materials (e.g. 
reference images and textbook) [6]. It is utilized smart (knowledge-based) and accessible 
systems to provide vocational educational learning opportunities and achieving higher 
education. CBR is applied in various problem-solving domains, and it is appropriate in 
medicine to integrate the system and for explicit experience, cognitive adequateness, the 
duality of objective/subjective knowledge, and to extract subjective knowledge [7]. Design 
and development of the DePicT and DePicT CLASS are the main contributions of this 
investigation. It is a case-based system which uses DePicT Profile Matrix of the 
association strength between title phrase and identified keywords of cases. Making 
experiments to validate the research and this recommender system lead us to do it in the 
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2 Research plan

The research plan contains the following main work packages: an analysis of
the questions answering approach and design of a coding solving method and a
question management tool, an implementation of the tool and an evaluation of
the impact of the proposed tool.

The analysis and design package contains the following areas of work:

– a literature review for case-based reasoning and the combination with other
methods, e.g., rule-based reasoning, belief merging or formal argumentation;

– a state of the art for coding assistants and decision support systems;
– a analysis of the questions asked by operators of the NCR and the answers

provided by experts, as well as their solving process;
– functional design of a question management tool and technical choices for

the implementation.

With the results of the analysis, a implementation of the designed software
will be provided, starting with a prototype for a limited test usage before tran-
sitioning to a more general usage.

Lastly, an evaluation of the impact of the implemented assistant, notably to
assess the evolution of the expert and operator workloads, is planned.

3 Current progress

The first step of this research is to analyze the coding process and the question
solving process. Therefore, a dozen tricky questions and several easier questions
have been discussed with the coding experts of the NCR. Given the similarities
in the solving process of the experts and case-based reasoning, the proposed
approach is adapted from the 4-R cycle presented in [1] and the knowledge con-
tainers presented in [6]. Other approaches have been considered (e.g., automatic
coding [5]), but are not being pursued at the moment.

The approach proposed by this research uses arguments for the solving pro-
cess. Indeed, when answering a case, experts often point out which arguments
(pros and/or cons) have been identified and which solution they support. This
is very helpful for operators, as it gives them insights into the reasoning pro-
cess and allows them to learn more quickly. In order to incorporate this user
guidance and solution explanation into our approach, the retrieval step uses the
arguments of a source case to find the best match for the given target problem.
The approach has been described in more detail in a paper submitted to ICCBR
2017. A prototype developed for the paper (shown in figures 1 and 2) focuses
on structured questions asked by operators and the solutions provided by the
system.

Arguments have already been used in CBR, but not to identify similar cases.
For example, in [3] and [4] arguments are generated and used to explain the
inferred solution of the target problem.
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Fig. 1. Form used for the question asked by operators and to describe the target
problem.

To facilitate the handling of the operators’ questions, it was decided to struc-
ture the questions rather than apply natural language processing methods. Fig-
ure 1 shows an example of a structured question. Still, there are plenty of items
that can be relevant for the various questions, making it very di�cult to define
every possible data item. Thus, only the most important subject are completely
structured, i.e. the data asked of the operator is almost exhaustively defined.
The assistant proposed by this research project will only handle structured ques-
tions. The remaining unstructured questions, i.e. questions where the operators
describes his problem using free text, will continue to be answered by the coding
experts, with little change to the current situation.

4 Future work

Once the prototype has been tested, a first version of the ticketing system for
the coding questions will be developed. By the end of the year, this first version
should be tested by the operators of the NCR. This version will be evaluated,
notably to determine the impact of the system. Several types of criteria can be
measured (e.g., quality of the coded data, workload of the coding experts). The
final list of criteria will be determined during the implementation of the ticketing
system. Alongside, other avenues are considered:
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Research Summary: Knowledge Transfer in
Artificial Learning

Pierre-Alexandre Murena

T�el�ecom ParisTech - Universit�e Paris Saclay,
46 rue Barrault, 75013 Paris, France,

murena@telecom-paristech.fr

1 Introduction

This document presents the main research problems addressed during my PhD
studies. All these researches are led inside the two teams DBWeb in T�el�ecom Paris-
Tech and LInK (Learning and Integration of Knowledge) in AgroParisTech, both
located in Paris, and supervised by Pr. Jean-Louis Dessalles and Pr. Antoine
Cornu�ejols.

My researches focus on learning theory both in the perspective of symbolic
machine learning and of learning in continuous domains. I aim at �nding an
information-theoretic principle guiding information transfer in learning.

The start point of these researches is the idea that most machine learning
takes a strong stationary hypothesis for granted. The general framework of sta-
tistical learning (mainly supervised and semi-supervised learning) considers two
data sets: a learning data set (from which the concepts have to be learned) and a
test data set (on which quality of the learned concepts is evaluated). The key idea
of current learning methods and theories is to assume that training data and test
data are independent and identically distributed (i.i.d.). However this strong hy-
pothesis does not hold in many cases: either the data generation process evolves
over time (aging e�ect, trending e�ect...) or the data belong to a di�erent do-
main. Because similar questions of transfer and domain adaptation had already
been addressed in analogical reasoning, we proposed to use an approach based
on Kolmogorov complexity instead of probabilities. Kolmogorov complexity is a
measure of the information contained inside an object. The use of Kolmogorov
complexity in machine learning is accepted by the community, but mainly in
a stationary point of view (when the key concept does not vary); we proposed
to extend its use to non-stationary environments, in the same way as done in
analogical reasoning. A presentation of these issues is given in section 2.

The strong similarity between transfer learning and analogical reasoning led
me to consider this issue in my researches. Analogical reasoning consists in situa-
tions of the form \‘b’ is to ‘a’ as ‘d’ is to ‘c’". Because its value has already been
demonstrated, I focus on Hofstadter’s micro-world, made up of strings of alpha-
betical characters that can be described with simple concepts like ‘predecessor’,
‘successor’ or ‘repetition’. The use of Kolmogorov complexity for analogical rea-
soning had already been considered, but our approach is slightly di�erent. We
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cage. The target prediction value is the anchor load in newtons. The prediction was made with
a neural network with inputs being 15 data points: current direction and speed at 3 depths,
max wind speed, average wind speed, wind direction, significant wave height, wave direction and
temperature. The output of the neural network is the predicted load. In the previous experiment
the neural network could only see the current data at the current point in the time series. In this
experiment the neural network could see the current data as well as the three previous time series
points, making it a total of 4 ∗ 15 = 60 inputs to the neural network. Figure 2 show the accuracy
of this prediction.

Fig. 2: A graph showing a neural network predicting the anchor load of a aquaculture cage. The
blue line depicts the prediction. The black line depicts the actual load.

4 Project plan

In addition to the data listed in Table 1 the project has received a dataset describing the movements
of maritime vessels in and out proximity to the aquaculture installations. We have currently
combined this with a dataset describing the level of exposure to the environment for each of these
sites. In addition we have added weather (wind, waves, temperature, precipitation etc) for each
of the events at the relevant sites. The plan is to pick a specific type of boat fishfeed carriers,
and then using the time spent at each location to classify whether or not the fishfeed loading
operation was successful. We can then use the dataset to try to predict wether such a operation
will be successful given the level of exposure and weather forecast. Ideally we would like to use an
automated method (likely a ML method) to extract some archetype cases to add to a case-base.
This case base could then be employed by a CBR as a part of a decision support system that
would be more in line with the type of experience based learning they currently use in the domain.

4.1 Applying CBR

As mentioned earlier we want to apply CBR as the main interface to the user of his DSS. This
is because CBR provides a good analogy for the way that this industry learns (experience based
learning as opposed to formal learning), and also because CBR is well suited for situations where
the data contains instances that are few but have high signal to noise ratio (archetypes); e.g.
“Predicted weather conditions are very similar (90%) to a situations where the planned operation
failed due to weather conditions.” Detecting such these rare instances can most easily be done with
using expert knowledge (for verification) and machine learning (for finding previous situations
where conditions where far from the average) in tandem. These instances can then be formed into
cases where recorded result is shown along with expert input on how to achieve the best result
given the conditions (could also be to abort the operation).
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Maintenance of Case Contents and Adaptation Rules 

Brian Schack 
Advisor: Dr. David Leake 

Indiana University, Bloomington IN 47408, USA  
schackb@indiana.edu 

Abstract. This research summary outlines and addresses three problems in case-
based maintenance on case contents and adaptation rules: 1) how to perform 
maintenance on divisible cases with non-uniform sizes, 2) how can adaptation 
knowledge improve the performance of maintenance on structured cases, 3) how 
to determine and use coverage for adaptation rules. Evaluation showed that, for 
suitable cases bases, maintenance strategies that subdivide cases and employ ad-
aptation knowledge can outperform per-case strategies. A planned experiment 
will expand or contract the coverage claimed by adaptation rules and measure the 
effects on problem-solving performance. The conclusion summarizes research 
progress to date and areas for further research. 

Keywords: case-based reasoning, case-base maintenance, flexible feature dele-
tion, adaptation-guided maintenance, adaptation knowledge 

1 Introduction 

Case-based reasoning is a method of machine learning for solving problems involving 
four phases: retrieval, reuse, revision, and retention [1]. Its overall performance de-
pends in no small part on the case base. Even starting with a high-quality case base, the 
passage of time motivates the need for case-base maintenance. Over time, the system 
will solve problems and store their solutions in its case base. As these solutions accu-
mulate, they take up storage space, and they take time to search through. The passage 
of time can also make stored cases in need of revision or obsolete entirely. Over time, 
even the case representation can change as the system learns more about its domain or 
its environment changes. 

2 Flexible Feature Deletion 

My research on flexible feature deletion started by questioning the assumptions for 
case-based maintenance [3]. First, nearly universally, the evaluations of case-based 
maintenance strategies assume a uniform size for cases. Although correct for many rep-
resentations, this assumption does not hold for variable-length feature vectors or more 
complex structured representations. For example, a case base of films could have dif-
ferent sizes depending on their running times or their numbers of actors and actresses. 
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adaptation-guided maintenance slightly improved the competence of the system by sub-
dividing cases to make their components accessible to adaptations of limited power –
– a phenomenon that I referred to as creative destruction. 

4 Adaptation Knowledge Coverage 

For my current research topic, I considered building on the creative destruction idea. I 
think I can show theoretically how a formal system could use the same rewriting rules 
for both adaptation and maintenance, and with suitable rules, creative destruction could 
have a significant effect. Unfortunately, I haven't found an appropriate domain in which 
to apply and evaluate this practically. 

I settled on the topic of adaptation knowledge coverage. Much research on mainte-
nance has highlighted the importance of the coverage of cases [9], but on the other 
hand, our field knows comparatively less about how to determine and use coverage for 
adaptation knowledge. I'm working with a real estate case base consisting of houses for 
sale with features for their prices, number of bedrooms, square feet, etc. I did not find 
off-the-shelf adaptation rules for this domain, so I developed a system for learning the 
rules from pairs of cases (as others have done before me). Together the case base and 
the learned adaptation rules form an oracle. 

Next, I intend to make a copy of the adaptation rules by removing contextual re-
strictions so that they conflict with one another. I'll eagerly apply rules to the cases and 
ask the oracle to judge the quality of the derived cases. This will generate triples of 
case, rule, and quality. From this, I can judge the reliability of the rules and delete the 
least reliable rules. 

Going further, I can look for common features between cases where the same rule 
applies with a high quality and then restrict the rule to those features. Or alternatively, 
common features between cases where the same rule applies with a low quality, and 
then restrict the rule to the negation of those features. The claimed coverage of an ad-
aptation rule could exceed its actual coverage or vice versa. To evaluate this, I'll com-
pare the performance of the oracle, maintained adaptation rules, and unmaintained 
rules. 

5 Further Research 

Maintenance necessarily involves a three-fold trade-off between problem-solving com-
petence, problem-solving time, and storage space. Normally, there is no free lunch be-
cause reductions in size will also reduce competence. But a lossless maintenance strat-
egy can reduce size to a limited extent without competence reduction, and creative de-
struction can occasionally even improve competence. Normally, reductions in size 
mean less cases to search through and therefore reduced retrieval time. But the in-
creased adaptation time to recover a usable solution could cancel out the reduced re-
trieval time. 

Additionally, similarity metrics can involve (perhaps recursively) comparing case 
components either one-to-one or even many-to-many. Deletion of case components 
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AToM: An Analogical Theory of Mind 

Irina Rabkina1 

1 Northwestern University, Evanston, IL 60208, USA 

irabkina@u.northwestern.edu 

Abstract. Theory of Mind (ToM) is what gives adults the ability to predict oth-

er peopleôs beliefs, desires, and related actions, and has been heavily studied in 

psychology. When ToM has not yet developed, as in young children, social in-

teraction is difficult. Cognitive systems that interact with people on a regular 

basis would benefit from having a ToM. In this research summary, I propose a 

computational model of ToM, Analogical Theory of Mind (AToM), based on 

Bachôs [2012, 2014] theoretical Structure-Mapping model of ToM. Completed 

work demonstrates how ToM might be learned under this model. Future steps 

include a full implementation and test of AToM. 

Keywords: Analogy, Structure Mapping, Theory of Mind 

1 Introduction 

Humans are inherently social creatures. In fact, it has been suggested that our need for 

social interaction is responsible for our large brains and incredible language abilities 

[e.g. Reader and Laland, 2002]. If artificial intelligence systems are to be integrated 

into our society, then they must share the social capabilities available to us.  

Theory of Mind (ToM) is one example of a capability necessary for social interac-

tion. ToM, sometimes referred to as mind reading, is the ability to predict othersô 

desires, beliefs, and other mental states even when they may be different from our 

own. While some evidence of ToM exists in other highly social animals, such as dol-

phins and apes [e.g. Krupenye et al. 2016], the extent to which we use and rely on 

ToM seems to be uniquely human. 

Several theories of how ToM is developed and used by humans exist. The philoso-

pher Theodore Bach [2011, 2014] proposed one such theory, based in the Structure-

Mapping Theory of analogy [SMT, Gentner, 1983]. This research summary describes 

a computational cognitive model of ToM, Analogical Theory of Mind (AToM), which 

is based on Bachôs theory. Previous work, which shows how processes which play a 

role in ToM development can be used to train AToM, is presented. Finally, future 

directions are discussed. 
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Cooking made easy: On a novel approach to
complexity-aware recipe generation

Gilbert Müller and Ralph Bergmann
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54286 Trier, Germany
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Abstract. This paper presents an approach to generate easy-to-prepare cooking
recipes represented as workflows. A novel complexity-aware generation approach
is described that considers various aspects such as preparation time, number of
ingredients, and difficulty of preparation to optimize the complexity of the recipe.
Based on a user query specifying the desired and undesired ingredients or prepa-
ration steps, easy-to-prepare dishes are generated automatically.

Keywords: workflow complexity, workflow adaptation, cooking, process-oriented
case based reasoning

1 Introduction

Nowadays, an increasing amount of amateur chefs become fascinated by the world of
cooking. Traditional cooking websites support these chefs in finding suitable cooking
recipes. However, the recipes need to match several criteria, which sometimes require
recipes to be adapted to the individual demands of the user. These demands include
contained ingredients, required preparation tools, or dietary restrictions. Thus, several
novel approaches have been presented aiming at supporting the user beyond traditional
recipe search (e.g., [5,7,3,6]). In certain situations, amateur chefs may prefer easy-to-
prepare cooking recipes with a short preparation time, low required cooking skills, or a
small amount of ingredients for a variety of reasons.

In this paper we will describe a novel approach that automatically constructs indi-
vidual and easy-to-prepare cooking recipes based on ingredients and preparation steps
specified as desired or undesired. The approach is based on our CookingCAKE frame-
work [10], which will be extended by a new complexity-aware recipe generation. The
remainder of this paper is organized as follows: The next section presents the founda-
tions of the CookingCAKE framework. Then, we introduce a complexity assessment
for cooking recipes represented as workflows, which will be applied during Cook-
ingCAKE’s recipe generation. Finally, we present our prototypical implementation for
competing in the Easy Steps Challenge of the Computer Cooking Contest.
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QF (q;W ) =

P
x2qd sim(x;m(x)) + jfy 2 qujsim(y;m(y)) 6= 1gj

jqdj+ jquj
(1)

Consequently, similar desired ingredients or preparation steps increase the query
fulfillment, while matching undesired ingredients or preparation steps reduce the query
fulfillment between the POQL query and the workflow.

2.4 Recipe Construction

Based on the defined POQL query, CookingCAKE constructs a workflow automati-
cally by retrieving the best matching workflow from the repository (case base) and
adapting it according to the query fulfilment. Consequently, the adaptation process of
CookingCAKE aims at adding missing desired ingredients/preparation steps and at re-
moving undesired contained ingredients/preparation steps. In a nutshell, the adaptation
process uses three different adaptation methods that are subsequently executed. First,
entire components of the cooking dish such as the sandwich sauce or sandwich topping
are replaced by matching components from other recipes [9]. Next, adaptation is per-
formed by use of operators that define possible and valid modifications on the cooking
workflows. Finally, the cooking recipes are adapted by replacing single ingredients and
preparation steps by means of the specified taxonomy, assuming that similar terms can
most likely be replaced with each other [11]. In all approaches, adaptation of a work-
flow is performed by chaining several adaptation steps W α1!W1

α2! : : :
αn!Wn = W 0,

which iteratively transforms the retrieved workflow W towards an adapted workflow
W 0. This process solves an optimization problem aiming at maximizing the specified
criterion, which is so far implemented by the query fulfillment. Thus, the recipe con-
struction is a search process with the goal to achieve an adapted workflow with the
highest query fulfillment possible. The overall recipe construction process ensures the
syntactical correctness of the workflows, i.e., that the workflows are executable. More
detailed information on the construction process of CookingCAKE can be found in the
corresponding publication [10].

In the next section, we introduce a new criterion for the retrieval and adaptation
process that considers the complexity of workflows. Thus, retrieval as well as the adap-
tation become complexity-aware and aim at optimizing the constructed workflow with
regard to the new defined criterion during recipe construction.

3 Complexity Assessment

In the literature various approaches to asses the complexity of workflows exist (see
[4]). In this approach, we rather focus on a domain-specific complexity measure for
cooking workflows. During recipe construction, this complexity criterion is considered
to generate easy-to-prepare recipes automatically. We assume that the complexity of a
recipe is less focused on one single feature, but is composed by several criteria. Thus,
we deploy a complexity measure that covers five different indicators for determining
the complexity of the recipe (see Table 1).
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repository and we propose a respective question selection strategy for the conversa-
tion. We consider a recipe search as a problem solving process in which the problem
description specifies the user’s preferences of a desired dish and a possible solution is
a recipe describing its preparation. We apply the methodology of conversational case-
based reasoning (CCBR) [1,2], which particularly focuses on the interactive nature of
problem solving. CCBR approaches include methods which incrementally elicit the
relevant features of the target problem in an interactive dialog, often with the aim of
minimizing the communication effort for the user. The basic assumption behind CCBR
is that guided question answering requires less domain expertise than providing detailed
queries from scratch. To apply CCBR with cooking workflows, we combine CCBR with
process-oriented case-based reasoning (POCBR) [5], which usually deals with cases as
workflows or process descriptions expressing procedural experiential knowledge. Con-
sequently, we propose a new conversational POCBR approach [10], called C-POCBR,
for the retrieval of cooking workflows. We implemented the approach in our Cooking-
CAKE system [6], which is part of the CAKE framework2, extending it with a dialog
component. CookingCAKE is a POCBR system for retrieving and adapting3 cooking
workflows based on a user-defined query specifying desired and undesired ingredients
and preparation steps.

In the following, section 2 briefly introduces the representation and querying of
cooking workflows before section 3 describes our C-POCBR approach. Section 4 con-
cludes the paper and briefly discusses future work.

2 Cooking Workflows

In our approach a cooking recipe is represented as a workflow describing the process to
prepare a particular dish [9,3] (see Fig. 1). Cooking workflows consist of a set of prepa-
ration steps (also called task nodes) and a set of ingredients (also called data nodes)
shared between its tasks. Task nodes are linked by control-flow edges defining the ex-
ecution order. This forms the control-flow. Task nodes, data nodes, and relationships
(represented by data-flow edges) between the two of them form the data-flow. To each

Fig. 1. Example of a Cooking Workflow

2 See cake.wi2.uni-trier.de
3 However, the dialog component does not yet consider the available adaptation methods.
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Abstract. A mathematical formula for characterizing baking recipes
is presented as part of the 2017 Computer Cooking Contest Open Chal-
lenge. The formula produces three characteristic values, which along with
common knowledge rules and classi�cation, form the basis of two com-
puter applications: Random Recipe Generator, which creates recipes, and
Recipe Report Card, which analyzes recipes.

Keywords: recipe analysis, recipe creation, recipe classi�cation

1 Introduction

The mystery of baking recipes has existed for many years despite many attempts
to discover a formula or set of rules to describe them [1], [2]. The discovery of
a universal formula or set of rules would, at least, form a basis for answering
key questions governing baking. Of particular interests are the abilities to create
custom recipes and to discover new uses for ingredients in baking. In lieu of a
universal formula, creating new recipes by adaptation remains popular, however,
this approach results in recipes limited by their reference recipe.

Adaptation has been formalized in research communities, where it involves
creating new recipes by the introduction of substitute ingredients [6], primarily in
a like-for-like relationship, and adaptation rules. The methods for substituting
ingredients have involved evaluating the validity of substitutions by a scoring
procedure [3] and by ingredient generalization through a cooking ontology [7].

This paper outlines an extended, generalized substitution process where any
ingredient is a candidate for substitution. The only restrictions are common
knowledge rules placed on baked good recipes (e.g., "Cobbler must not contain
water", "Pie crust must contain water"). To avoid the tedious work alluded to
in [7], the scope of this procedure shall be limited to baked goods.

1.1 What is a Baking Recipe?

A baking recipe provides a list of ingredients and measurements, which includes
instructions for combining the ingredients. Each ingredient may be considered
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2 Michael Ohene

either a wet ingredient, a dry ingredient, or semi-wet ingredient. In the following
procedure, �rst detailed in [5], wet and semi-wet ingredients are given constant
values (see Table 1), while 
avorings, leavenings (e.g., baking powder, baking
soda, yeast, etc.), seasonings (e.g., salt), and food pieces (e.g., shredded coconut,
walnut pieces, sesame seeds, etc.) are ignored. The constant values are multiplied
by their respective measurements (usually in cups) to yield a numerical product.
The products are summed and �nally divided by the dry ingredient product(s),
obtained from values in Table 1, to yield solutions called the moistness, fat, and
egg value [5]. These characteristic values (i.e., the moistness value, the fat value,
and the egg value) complete the characterization of baked good recipes.

Ingredients Value per Cup

Wet Ingredients

Water/Juice/Water/Milk 1

Butter/Oil 0.50

Banana 0.375

*Large egg (50 grams) 0.167, 1

Honey/Molasses 0.70

Dry Ingredients

Flour (all-purpose, cocoa powder, whole-wheat) 1

Old-fashioned rolled oats 0.50

Semi-wet Ingredients

Ground nuts (almond, pecans, walnuts) 0.33
Table 1. Constants for common wet, dry, and semi-wet ingredients. The large egg
constant does not use a per cup value. *Large eggs each have a value of 0.167 in
the moistness calculation and 1 in the egg calculation. Constants for common dry
ingredients.

Ingredients Measure Wet Value Dry Value

All-purpose 
our, Cups(g) 21=2, (352g) | 2.50

Butter, Tbsp(g) 16, (224g) 0.50 |

Egg, #(g) 1, (50g) 0.167 |

Confectioner’s sugar, Cups(g) 11=2, (120g) | |

Vanilla extract, tsp(g) 1, (4g) | |

Almond extract, tsp(g) 1=2, (2g) | |

Salt, tsp(g) 1=2, (3g) | |

Baking soda, tsp(g) 1, (5g) | |

Cream of Tartar, tsp(g) 1, (5g) | |

Table 2. Mary’s Sugar Cookie recipe with moistness values. [12]

244



Creation and Analysis of Baking Recipes 3

16T bsp � 1Cup
16T bsp � 1

2 + 1 � 1
6

2:50 � 1
= 0:27 (1)

Equation (1) shows the wet-over-dry ingredient equation used to calculate
the moistness value from Mary’s Sugar Cookie recipe in Table 2. A similar equa-
tion is used to calculate the fat value in equation (2), only using ingredients
that are considered fats. The egg value requires a number-of-eggs-per-cup-of-
dry-ingredients calculation shown in equation (3).

16T bsp � 1Cup
16T bsp � 1

2

2:50 � 1
= 0:20 (2)

1

2:50 � 1
= 0:4 (3)

The general linear equation

(
1

qn+1in+1
)(q1i1 + q2i2 + :::qnin) =

[
y; y
]

(4)

de�nes baked goods through the use of characteristic values, where i is the
ingredient constant, q is the quantity, and n is the nth ingredient. The term

[
y; y
]

refers to the numerical range in moistness, fat, or egg value of a baked good.
y represents the lower limit and y represents the upper limit of the numerical
range.

1.2 Knowledge Acquisition

To accurately de�ne the numerical ranges corresponding to baked goods, the
acceptability of recipes and recipe reviews were considered. Instead of analyzing
the reliability of users as in [3], the sheer number of reviews and the selec-
tion of recipe-focused review sites - as opposed to blogger-focused review sites -
served to minimize unreliable reviews. The recipe review ratings and the "make
it again" ratings served to de�ne "acceptability". From this point the acceptable
linear equations were constructed from equation (4) to determine the unknown
constants.

From the collection of recipes, acceptable recipes tended fall within the pre-
de�ned numerical ranges, thereby satisfying equation (4). Unacceptable recipes
tended to fall outside the prede�ned numerical ranges of the baked goods. Ex-
ample deviations from these generalized numerical ranges for cakes are presented
in bold text in Table 3. By generalized, it is meant that the numerical range used
for cakes in Table 3 are aggregations of several independent numerical ranges
representing a variety of cakes (e.g., the egg value for pound cake only occupies
a portion of the 1.00-3.50 egg range).
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recipe’s sweetness and 
avor is provided to the user. The prede�ned numerical
ranges are approximated in Table 5.

4 Conclusion and Future Work

A proposed mathematical formula for baking recipes was shown capable of iden-
tifying unacceptable recipes. The results also produced logical mathematical
groupings of baked good recipes. Through the Random Recipe Generator, it
was shown that it is possible to generate di�erent recipes from characteristic
values via ingredient constants.

The next task for both the Recipe Report Card and the Random Recipe Gen-
erator is to produce structured lists of baking recipes. Other areas of investigation
include the discovery of additional ingredient constants and the continued de-
velopment of the current mathematical formula to address dairy-based desserts
(e.g., ice cream, cheesecake, and custards).
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RDFS gives some semantics—and thus, inference possibilities—to RDF by the mean
of inference rules associated to some resources. Only a few rules are used in this paper:

ha type Ci hC subc Di
ha type Di

r1
ha p bi hp subp qi

ha q bi
r2

hA subc Bi hB subc Ci
hA subc Ci

r3
hp subc qi hq subc ri

hp subc ri
r4

type, subc and subp are abbreviations for rdf:type, rdfs:subClassOf and
rdfs:subPropertyOf. type is the membership relation between an instance and a
class. subc (resp., subp) is the relation between a class and a superclass (resp., a prop-
erty and a superproperty). r1 means that if a is an instance of a class it is also an instance
of its superclasses. r2 means that if a and b are related by a property, they are also re-
lated by any of its superproperties. r3 and r4 state that subc and subp are transitive.
For example, the following inference can be drawn:�

h?x type Vodkai;
hvodka subc Alcoholi

�
‘ h?x type Alcoholi

RDFS does not include negation, thus only positive facts can be entailed. However,
an inference with closed world assumption (CWA) can be drawn, stating that if B 6‘ t
then t is considered to be false (given the RDFS base B), denoted by B ‘cwa :t.

SPARQL (SPARQL Protocol and RDF Query Language) enables to write queries to
RDF or RDFS bases. If a SPARQL engine uses RDFS entailment, this means that the
query is done on the RDF base completed by RDFS entailment. For example, the fol-
lowing SPARQL query addressed to a base describing recipes such as the one of figure 1
returns the set of recipes ?r containing some alcohol, taking into account the domain
knowledge, in particular the subclass relations of the food hierarchy presented in Fig. 2.
The CWA is assumed: if it cannot be entailed that a recipe contains some alcohol, then
it is concluded that it does not.

Qalcohol = SELECT ?r WHERE f?r ing ?a . ?a type Alcoholg (1)

Given a SPARQL query Q and an RDFS base B, the result of the execution of Q on B is
denoted by exec‘(Q;B).

2.2 TUUURBINE founding principles

TUUURBINE is a generic CBR system over RDFS .
The domain knowledge is represented by an RDFS base DK consisting of a set of

triples of the form hC subc Di where C and D are classes which belong to a same
hierarchy (e.g, the food hierachy). Fig. 2 represents the domain knowledge for the run-
ning examples by a hierarchy whose edges C x�! D represent the triples hC subc Di
with x, the retrieval knowledge encoded by a cost function cost(hC subc Di) = x.
This cost can be understood intuitively as the measure of “the generalization effort”
from C to D. How this cost is computed is detailed in [2].
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2.4 TUUURBINE retrieval process
The retrieval process consists in searching for cases that best match the query. If an
exact match exists, the corresponding cases are returned. For the query Q given in (3),
the “Green Russian” recipe is retrieved without adaptation. Otherwise, the query is
relaxed using a generalization function composed of one-step generalizations, which
transforms Q (with a minimal cost) until at least one recipe of the case base matches
� (Q). A one step-generalization is denoted by 
 = prop : A prop : B, where A and
B are classes belonging to the same hierarchy with A v B, and prop is a property used
in the case definition. This one step-generalization can be applied only if A is prefixed
by � or ! in Q. If A is prefixed by !, thus B is necessarily the top class of the hierarchy.
For example, the generalization of !ing : Grenadine is �ing : Food, meaning that if
grenadine is not wanted, it has to be replaced by some other food or to be removed.
Classes of the query prefixed by + and � cannot be generalized.

Each one-step generalization is associated with a cost denoted by cost(A  B).
The generalization � of Q is a composition of one-step generalizations 
1, . . .
n: � =

n � : : : � 
1, with cost(� ) =

Pn
i=1 cost(
i). For example, for:

Q = +dishType : CocktailDish

^ ing : Vodka ^ ing : Curacao ^ !ing : Grenadine
(4)

Curacao is relaxed to Liquor according to the domain knowledge of Fig. 2. At
this first step of generalization, � (Q) = dishType : CocktailDish ^ ing : Vodka ^
ing : Liquor ^ !ing : Grenadine, which matches the recipe described in (1), indexed
by MintLiquor, which is a Liquor.

2.5 TUUURBINE adaptation process
When the initial query does not match existing cases, the cases retrieved after general-
ization have to be adapted. The adaptation consists of a specialization of the generalized
query produced by the retrieval step. According to � (Q), to R, and to DK, the ingredient
MintLiquor is replaced by the ingredient Curacao in R because Liquor of � (Q) sub-
sumes both MintLiquor and Curacao. So, the adaptation consists in replacing curacao
by mint liquor.

TUUURBINE implements also an adaptation based on rules where a rule states that
in a given context C, some ingredients F can be replaced by other ingredients B. C,
F and B are the contexts, the “from part” (premise) and the “by part” (conclusion)
of the adaptation rule [3]. For example, the piece of knowledge stating that, in cock-
tail recipes, orange juice and strawberry syrup can be replaced with pineapple juice
and grenadine, can be represented by an adaptation rule with C = CocktailDish,
F = OrangeJuice ^ StrawberrySyrup and B = PineappleJuice ^ Grenadine.
Such an adaptation rule can be encoded by a substitution � = C ^ F  C ^ B. In the
example: CocktailDish ^ OrangeJuice ^ StrawberrySyrup CocktailDish ^
PineappleJuice ^ Grenadine. This rule-based adaptation is directly integrated in
the retrieval process by searching cases indexed by the substituted ingredients for
a query about the replacing ingredients, for example by searching recipes contain-
ing OrangeJuice and StrawberrySyrup for a query about PineappleJuice and
Grenadine.
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is similar to the one of concept #2, because they share the Vodka and the Liquor prop-
erties. When removing MintLiquor from the “Green Russian” recipe, a possible in-
gredient for substitution, given by the lattice, could be Curacao. However, as Curacao

is not an available food, concept #7 cannot be used to complete the substitution.
Let CR be the formal concept such that Er(CR) = fRg. A formal concept C close

to CR is searched according to the following procedure. C is such that its intent I(C)
does not contain the removed ingredient (MintLiquor in the example) and maximizes
jEr(C)j. First, C is searched in the ascendants of CR, then in the descendants of the
ascendants satisfying the available food constraints. The ingredient to be substituted is
replaced by I(C) n I(CR).

Applying this procedure, the most similar ingredient combinations which includes
Vodka that can be used to replace MintLiquor are given by concepts #3, #4 and #5 and
their descendants. However, concept #4 and its descendants cannot be used to produce
a substitution because its intent contains PineappleJuice which is not an available
food. Concept #5 intent contains AppleJuice, an available food, but concept #3 is
closer to concept #6 than concept #5 is, according to the selection procedure based on
the maximal number of objects of Er. The cocktail system will suggest replacing the
mint liquor with orange juice.

To implement our approach, data about ingredient combinations in cocktail recipes
has been collected. For this, we queried Yummly (http://www.yummly.com/) with
query composed of one ingredient (one available food from the CCC 2017 new food
list). More details about the FCA based approach can be found in [5].

4 Salad challenge: a new approach for managing the fridge and
for adapting quantities

The adaptation challenge requires managing a limited set of available food (like in the
cocktail challenge) and adapting the ingredient quantities.

4.1 Salad ingredient adaptation with a fridge

The approach for managing a limited set of ingredients is rather different in the salad
challenge context than in the cocktail one. Indeed, there are many important differences
between the knowledge involved to solve a recipe adaptation for the mixology challenge
and the knowledge involved to solve a recipe adaptation for the salad challenge. First,
there are less salad recipes than cocktails recipes: 70 against 108. Second, the salad
recipes use 266 different ingredients of whom 245 are not available in the fridge. For
the cocktail recipes, only 139 ingredients (among the 156 different ingredients) are
not in the fridge. Third, the minimal, maximal and average of ingredients per recipe is
4, 18 and 10 for the salad recipes and only 2, 10 and 5 for the cocktail recipes. The
second and third points directly impact the number of ingredient substitutions required
to adapt a recipe to fit the fridge constraint. Adapting a salad recipe requires at least
3 substitutions and in average 8 substitutions (the maximal number of substitutions is
17). For the cocktail recipes, to take into account the fridge, the maximal number of
substitutions is only 7, 10 recipes require only 1 ingredient substitution and, in average,
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Assuming the only result is the pair f?x blue; ?y "blue"g, it comes:

�tgt = fhCuracao color bluei; hblue inEnglish "blue"i;
h"blue" subStringOf ?solTgtig

and �� = f(MintLiquor; Curacao); (green; blue); ("green"; "blue")g

Therefore, �tgt involves that sol(tgt) has to respect the following constraint:

sol(tgt) 2 fs : string j "blue" is a substring of sg (5)

Now, sol(srce) must be modified using �� into sol(tgt) that respects (5). Here, a
domain-dependent choice is made: it concerns the way the solution space is structured,
i.e., how can modifications be applied on solutions. It is assumed that in this application,
the only modification operation is based on the replace operation on the set of strings
(which is the solution space). Hence, since ("green"; "blue") 2 �� , the following
cocktail name that is consistent with (5) is proposed:

sol(tgt) = replace("green"; "blue"; sol(srce)) = "blue russian"

5.4 Strategy “Generalization-specialization of dependencies”

Now, consider the example of the adaptation of sol(srce) = "green russian"

when �� = MintLiquor  IndianTonic with the same �srce as in section 5.3
and assuming that DK gives no color to Indian tonic (i.e., there is no triple of the form
t = hIndianTonic color ci such that DK ‘ t), the adaptation strategy of section 5.3
fails. However, it is assumed that

DK ‘

8<: hIndianTonic taste bitteri, hIndianTonic texture sparklingi,
hbitter inEnglish "bitter"i, hsparkling inEnglish "sparkling"i,

hcolor subp hOPi, htaste subp hOPi, htexture subp hOPi

9=;
meaning that Indian tonic is bitter and sparkling, and that color, taste and texture
are organoleptic properties (hOP is an abbreviation for hasOrganolepticProperty).
Therefore, the adaptation strategy described in section 5.3 can be applied with a slight
modification: it is sufficient to replace in �gen the triple hIndianTonic color ?xi by
hIndianTonic hOP ?xi, which is more general according to DK.

One way to address this problem is to search in the domain knowledge for triples for
building �gen that are similar to ��(�srce). This can be likened to the retrieval issue in
CBR, which can be implemented by a least generalization of the query (see, e.g., [9]).
A similar idea is proposed here. It consists in making a best-first search in a space of
dependencies � such that:

– The initial state �0 corresponds to the �gen as it is computed in the strategy of
section 5.3.

– The successors of a state consists in making a generalization of one of its triples.
The following generalization operators can be considered: replace a class (resp.,
a property) by a direct superclass (resp., direct superproperty) in DK, replace a re-
source or a literal by a variable, etc. A cost function must be associated to general-
ization operators, in order to choose the least costly generalization.
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Abstract. This paper presents IntelliMeal, a case-based reasoning (CBR)
system for recommending recipes. The main focus of the system is cus-
tomizing recipes to a given user query re-using the domain knowledge
of a CBR system within adaptation rules. In this work we implement a
CBR system that works with a limited case base (21 recipes) and increase
the amount of recipe recommendations by adapting these recipes using
addition, creation, substitution, suitability and title name customization
rules.

Keywords: Case-Based Reasoning, Rule Engine, Computational Cre-
ativity, Adaptation, Recipe Recommendation

1 Introduction

This paper presents IntelliMeal1, a case-based recipe recommendation system
addressing the open challenge of the 2017 Computer Cooking Contest (CCC).
Since its initialization in 2008, the competition has been running almost every
year with minor adjustments. Several research groups have contributed to the
CCC over the years using information retrieval, information extraction and se-
mantic technologies along with Case-Based Reasoning when developing recipe
recommendation systems. The researchers have contributed with various ap-
proaches to the task. Four of the more influential systems are Taaable [2,4,6],
CookingCAKE [5,9,10], JaDaCook [7,3], and CookIIS [8,11]. The Taaable re-
searchers built their system around a collaborative, semantic Wiki, which also
serves as the main knowledge base. The CookIIS researchers focused on the
pre-processing of data to make the substitution of ingredients fluent and more
realistic. CookingCAKE targets the preparation instructions by implementing
cooking workflows, and lastly, the JaDaWeb researchers focused on the imple-
mentation of natural language understanding.

IntelliMeal is a knowledge engineering heavy system utilizing Case-Based
Reasoning (CBR)[1]. The system aims to customize recipes for a given query
consisting of desired and undesired ingredients. The main focus of the system

1 www.intellimeal.no

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%&'()*!+!,-./!0#&!*)'1!$2$3&!4%!'*1!25*)#&16!"#$%'7(!$3&8'**39!0#&!$&':2*3!279!
2;2938';!$5&$#136!<7!=&#;339'7(1!#0!*)3!<"">?!,-./!@#&A1)#$16!B&#79)3'8C!D#&E2%!!

275

http://www.idi.ntnu.no
www.intellimeal.no


is enhancing creativity in the adaptation process. The underlying goal of this
paper is to investigate whether it is possible to build a CBR system that adapts
recipes in a way that they satisfy a user’s desires and expectations.

The case base consists of twenty-one sandwich recipe cases, hierarchical tax-
onomies and a set of adaptation rules. The taxonomies are separated into nine
attributes or ingredient categories. Each taxonomy defines similarities between
a restricted set of ingredients that belong to the given ingredient category. The
taxonomies are extended versions of the taxonomies used in CookIIS [8,11], an
earlier participant of the CCC. The attributes/ingredient categories are also used
to construct each case and the ingredients included in the recipe.

The paper is structured as follows: Section 2 explains an adapted version of
the CBR cycle [1], section 3 presents the evaluation of the systems in terms of
similarity computation after adaptation and user evaluations of adapted recipes.
In the final section we discuss our results and summarize our work.

2 Methodology and implementation

IntelliMeal implements all steps of the CBR cycle, but it includes a second
retrieval phase after an ephemeral case base including temporarily adapted cases
as been created. This allows IntelliMeal to assess the similarity of cases that have
been modified based on desired and undesired ingredients specified in the query.

Figure 1 shows an overview of our implemented version of the cycle.

Step 1 The problem presented is the user query, which consists of desired
and undesired ingredients. As figure 1 illustrates, the query is split in two: One
undesired query containing the undesired ingredients and one desired query con-
taining the desired ingredient.

Step 2 Our modified version of the CBR cycle involves two retrieval steps. The
first process is the case base retrieval. It involves retrieving the cases from the
case base with the highest similarity score to the user query. Hence, cases with
the best starting point to end up in successful recipe recommendations. As the
retrieval method employed in IntelliMeal is an important feature of the system, it
is explained more detailed in section 2.1. The retrieved cases are further copied.
The retrieved original cases are kept for later use while considering the copied
versions in the reuse step.

Step 3 The reuse step is the most comprehensive step of the cycle. It is also
the main focus of IntelliMeal. Hence, it is explained more detailed in section
2.3. The goal is to customize cases (i.e. recipes) so that they better fit the user
query. However, with restrictions to avoid distasteful recipe results. As figure 1
illustrates, domain knowledge, rules, and the queries are used in the adaptation
process. The result from the reuse step is adapted versions of the cases in the
case base, further referred to as adapted instances.
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2.1 Retrieval

Our retrieval method compares one query instance to all cases in a case base.
The method considers one case at a time. It iterates through every attribute in
the query and ignores attributes that are undefined. The rest of the attributes
are considered valid and takes part in the similarity calculation.

For each valid attribute, the similarity between the query attribute and the
corresponding case attribute is calculated by using the taxonomies. Then, they
are weighted with a configured attribute weight. When calculating the total
similarity between the query and a case, the attribute similarities are summed
up and divided by the number of valid attributes. The retrieval method returns
all cases ordered by their retrieved similarity score.

2.2 Rule engine

A rule engine was created for this specific system as a set of adaptation rules.
There are two rule formats: Simple Rule and Substitution Rule.

If one rule were to specifically target only one ingredient, many rules would
have to be written. Therefore, the rule engine is also able to consider all children
of the ingredient. The children are fetched from the taxonomies. This enables
one single rule to apply to hundreds of ingredients. For example, consider a rule
saying any type of meat can substitute for any type of fish. These ingredients
have 191 and 74 ingredients, respectively. Hence, this one rule will form 14 134
various combinations.

However, the functionality to ignore the children of a specific ingredients was
also implemented. This can be used by writing a * after the ingredient. With
this, a rule containing meat* and fish* would only form one combination.

Rule requirements refer to the ingredients in the recipe that have to be present
for the rule to be valid. There can be zero or as many requirements as desired
for a rule to fire. One requirement is satisfied if the recipe considered contains
either the stated ingredient requirement or one of its children. A rule is valid
when all requirements are satisfied.

Simple rules are the most basic rule type used in IntelliMeal. Based on given
set of conditions (requirements req) an action is taken. For this rule type, all
requirements have to be satisfied, before the rule can be applied.

req1; :::; reqn → ingredient (1)

This rule type is used to create addition rules, deletion rules, suitable rules
and title rules.

Substitution rules are more complex since they take both requirements and
the ingredient to be substituted into account. Rules described by equation (2)
takes the user requirement together with an ingredient to be substituted and the
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was 5.52 out of 25. Also, the test subject’s and the system shared 3.57 out of 5
recipes as their top 5.

Fig. 3. Adaptation (green) changing
the original similarity score (yellow)

Fig. 4. Bot or not user predictions vs.
actual recipe creations

For the second goal, a three step process were conducted: 1) doing a set of
queries with the adaptation process turned off and note the similarity scores
achieved for the top five results, 2) doing the same set of queries with the adap-
tation process turned on, and 3) compare the similarity scores. The evaluation
results showed that the average similarity score increases for all the test queries.
Figure 3 illustrates the evaluation results. In the figure, the yellow bars show
the average similarity score for the top five results with no adaptation, while the
green bars show the average increment for the top five results with adaptation
on. On average, the mean similarity score for the top five recipes suggested per
query increased with 0.32.

For the third goal, an online quiz was implemented2. The quiz displayed
one recipe at a time for the user, and the user was to guess whether the recipe
was human or computer created. The quiz ran for seven days (168 hours) and
gathered in total 3414 responses distributed over 42 recipes. Figure 4 shows a
confusion matrix of the quiz feedback. To clarify, true refers to an adapted recipe.
Results showed that people guessed that a human had created the computer
adapted recipes in 53.43% of the cases. Also, people recognized the original
cases as created by a computer in 50.09% of the cases. This result reveals that
most users are not able to distinguish the recipes from one another.

4 Discussion and Conclusion

Earlier participants in the CCC have chosen various approaches for their sys-
tems. All four systems presented involve a hierarchical taxonomy. Some systems
generate substitution rules from their taxonomy or cooking communities, while
JaDaWeb has a table of ingredients that can substitute each other across cat-
egories. However, none explicitly define removal, addition or suitable rules like

2 www.intellimeal.no/botornot
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