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Investigating cellulose degradation: placing Qualitative
Reasoning in the process
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ABSTRACT

Scientific research produces a vast volume of information and
knowledge about natural phenomena, typically published in
papers. This is particularly striking for the enzymatic hy-
drolysis of lignocellulose, a critical bioprocess for the produc-
tion of second-generation biofuel. Our objective is to build
Qualitative Reasoning (QR) models that capture the knowl-
edge reported in scientific papers and implement putative
explanations for concrete observations. QR is an Artificial
Intelligence modelling technique that captures knowledge as
causal relations to simulate the system behaviour over time
from its structure. The rationale for using a qualitative over
a quantitative technique is mainly the incomplete under-
standing of a system, in this case the cellulose degradation
mechanism. When developing a QR model of this kind,
we first create a base-model, which is then extended to in-
cluded more features, and explain additional observations.
The model presented in this paper captures the interpreta-
tions described in three different scientific papers related to
the target system and its behaviour. The base-model imple-
ments an interpretation based on the accumulation of inac-
tive enzymes. The extension contains model fragments that
capture knowledge about the substrate conditions over the
process. Both the capacity to represent results of each paper
and the target behaviour are examined and discussed.

Categories and Subject Descriptors
1.2.1 [Artificial Intelligence]: Applications and Expert
Systems—Medicine and science

General Terms
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The conversion of plant waste into sugar and then into en-
ergy using enzymes is a strategic bioprocess for the produc-
tion of biofuel. The potential environmental impact boosts
the domain research that produces an abundant amount of
scientific literature. Because the process is both complex
and incompletely understood, a large number of factors is
investigated under a wide range of experimental conditions.
This affects the expression and the assessment of theories
about the underlying processes. Fundamental tasks are be-
coming problematic, such as retrieving information, confront
or associate interpretations from distinct papers to promote
cross-fertilization. Designing intelligent programs regarding
this issue is an important challenge for KR and Al, and the
construction of explanatory models will be a part of it.
Well suited representations for building explanatory models
are available in the Qualitative Reasoning (QR) framework.
QR proceeds from descriptions of interacting components or
processes in a symbolic, human-like manner [10]. Some QR
approaches provide effective means for capturing knowledge
as causal relationships and producing dynamic simulations
to envision how these causal relationships determine the sys-
tem behaviour. QR uses qualitative abstraction to capture
relevant aspects of a system without the need of precise nu-
merical data, which makes this approach suitable for mod-
elling systems with partial and imprecise information.

In this paper we describe the construction of QR model
representing an integrated system originating from interpre-
tations taken from three scientific papers. We also reflect
on methodological issues relevant to creating such a model.
The QR model is innovative in the sense that it generates
a plausible explanation for a target behaviour that extends
the knowledge chunks elicited from the three source papers.
Our paper demonstrates the relevance of QR to capture and
assemble scientific knowledge from different documents and
build a new scientific interpretation.

2. QUALITATIVE REASONING

Qualitative Reasoning (QR) is an area of Artificial Intelli-
gence that strives for inferring behaviour from physical sys-
tem structure in a symbolic, human-like manner. The firm
causal and mathematical foundation of the QR approaches
[19] guarantees the soundness of the automatic reasoning
generating the simulation results. QR proceeds from de-
scriptions of interacting entities (representing the physical
system structure), quantities and processes, and is informed
by research in cognitive science about how humans reason
[3]. QR modelling combines qualitative abstraction to lower



precision of the system quantities and the ability to capture
conceptual knowledge such that it represents explanations
of phenomena.

In this study we use Garp3 [4], it is a workbench for con-
structing and simulating qualitative models. It also pro-
vides tools for inspecting the simulation results. The on-
tology and the formalism provided by Garp3 derive from
typical approaches to qualitative reasoning [2]. A Garp3
model involves several ingredient types. Entities are the
structural elements endogenous to the system. Quantities
are the properties of entities characterized by: <Magnitude,
Derivative>. The domain of magnitudes for a quantity is
called the Quantity Space. It is a finite and discrete set of
symbols. A quantity space is an abstraction or a mapping
of a continuous numerical scale consisting of a succession of
alternating points (also called landmarks) and intervals. All
the derivatives have by definition the same quantity space,
namely: {min, zero, plus}. The key cause-effect relation-
ships are: Direct Influence (I+; I-) and Indirect Influence or
qualitative proportionality (P+; P-). The former represents
the cause of the changes, whereas the latter represents the
propagation of these changes [9]. Garp3 reasoning engine in-
tegrates value correspondences between quantity values and
reasoning on inequalities and algebraic relations that act as
constrains.

2.1 Related work

It is one of the traditional use of QR languages to model
domain theories, initially in physics [8, 5]. Many QR mod-
els have been developed in ecology [18, 15], others can be
found in other domains such as social science [13, 12]. Most
of those studies focus on capturing existing domain theories
as an explicit knowledge model to be used to convey ex-
planation about a phenomena to other scientists, students
or stakeholders. Forbus’ Qualitative Process Theory [9] and
Garp3 are often used for that purpose. The process-ontology
that these inference engines are based on matches the way
specialists reason about systems whose structure is partially
unknown.

Automatic identification of models is another dynamic area
of research for which QR approaches have been developed.
Typical applications concern the knowledge discovery re-
garding metabolic pathways and genetic networks [7, 16].
Work in this domain usually deploys a version of QR that
uses a qualitative model in the form of Qualitative Differen-
tial Equations (QDESs) to envision the behaviour of a system
[17].

Our work, as presented in this paper, takes inspiration from
both types of application for identifying the plausible inte-
grated causal explanation for the ideas described in the three
scientific papers.

2.2 Enzymatic hydrolysis of cellulose

Cellulose is a major component of the plant cell wall and the
largest and accessible renewable source of carbon on Earth.
It is an insoluble linear macromolecule, composed as a chain
of glucose units. Cellulose is degraded by cellulases, i.e. en-
zymes degrading cellulose, to produce glucose or small chains
of glucose, such as cellobiose (2 glucose units). The most im-
portant cellulase in this regard is cellobiohydrolase (CBH),
which, once complexed with the cellulose, digests the cellu-
lose strand in a processive manner releasing cellobiose units
at each catalytic step until it desorbs to get back in solu-

tion. Experimentations about this reaction involve a cellu-
losic substrate, that can be of many kinds, and an enzymatic
system, ranging from a single cellulase, usually CBH, to
an enzymatic cocktail. The partially unknown structure of
cellulose-enzyme(s) systems explain why building mechanis-
tic model predicting the degradation kinetic is challenging.
In particular both enzyme and substrate-related factors can
be held responsible for the conversion rate limitation. Most
models proposed in the literature are kinetic models, based
on semi-mechanistic considerations [1].

We chose to study the enzymatic degradation of a cellu-
lose with a commercial of enzymatic cocktail for a long time
(~150 hours). This is the classical experimental condition
reported in many papers. Yet, if one asks about prominent
aspects of the resulting progress-curves, for instance reac-
tion rate slowing-down or fraction of recalcitrant substrate,
domain specialists encounter difficulties in providing definite
explanations. Hence, our modelling challenge is the follow-
ing: can we provide a plausible explanation for this target
behaviour, with scientific domain literature as our primary
knowledge source?

3. DESIGNING SELF-EXPLANATORY
MODELS FROM PAPERS

Using a QR language, it is possible to capture indistinctly
the causal relations about a given process from a group of
papers. The computational complexity of a QR model built
with such an approach will quickly make the simulation in-
tractable and inappropriate to convey a meaningful explana-
tion to domain specialists. Instead, we adopt a progressive
approach. Driven by a target behaviour, we strive for being
very selective about the knowledge sources and about the
processes to be modelled. Thus a process not directly in-
volved in the explanation is either left aside or represented
in an abstract way (if deemed necessary to get a complete
system).

Taken this approach work, the first task is to define a tar-
get of interest for the experts, and of reasonable size for the
QR model. The target is actually a qualitative system that
exhibits one or more target behaviour(s). The target be-
haviour is a qualitative abstraction of observed behaviours
exhibited by a target system. It defines the qualitative fea-
tures of the observed behaviours that have to be explained.
In doing so, the modeller determines the quantities (i.e. the
variables in a QR model) and the quantity spaces relevant
for simulating the observed behaviours [14]. In the ideal
case, target behaviour is a straightforward mapping of ex-
isting data. However, in natural sciences the dataset at hand
might not be informative enough, for instance due to costly
experimentations. Qualitative abstraction reduces the dis-
tinction between the experimental results from different pa-
pers, as a result a large spectrum of published materials can
be used to enrich the target behaviour.

Our modelling methodology is depicted in Fig. 1. The QR
model is built incrementally by capturing the interpretation
from at least one scientific paper (usually in the discussion
section). Selected papers display observations or simulation
results describing processes related to the target and may
give useful interpretations. Each knowledge chunk is cap-
tured as a model fragment of the QR model. This exploits
the compositional modelling feature of Garp3 [4]. For each
version of the QR model that conveys a candidate explana-
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Figure 1: Diagram of the approach adopted for
building a QR model from domain literature. Link
with black diamond represents test of simulation vs
observations

tion two criteria are assessed (Fig. 1):

Encompassment The QR model is a consistent represen-
tation of the interpretations given in the source pa-
pers. The model generates behaviours that match the
observed data, numerical simulations or qualitative ob-
servations supplied in these papers.

Sufficiency The QR model implements a plausible expla-
nation for the target behaviour. The model generates
a behaviour from which a plausible explanation for the
target behaviour can be derived.

Definition of the target behaviour and selection of source pa-
pers are critical stages that determine the content and then
the properties of the explanatory model. Both are carried
out jointly with the domain experts.

4. MODELS OF CELLULOSE ENZYMATIC
HYDROLYSIS
4.1 Defining the target

Hydrolysis of cellulose is characterised by progress-curves
of the degradation of cellulose into smaller molecules. The
curve exhibits a general saturation-shape and reflects that
reflects the enzyme action. The hydrolysis rate gradually
slows-down with time. This problem is actively investigated
as it limits the conversion efficiency. The main objective is
to propose an explanatory model for the rate slowing-down
from existing knowledge.

The Target Behaviour is a composite object built from con-
crete experiments and supplemented with observations from
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0 24 48 72 96 120 144 168 192 216

Time(h)

Figure 2: Hydrolysis curves of cellulose Avicel for 3
concentrations of enzymes and addition of enzymes
at different times, indicated by arrows. A 50 mg/g,
B 10 mg/g and addition t=168h,0 10mg/g and ad-
dition t=72h and t=168h.

the literature. Experiments are 3 hydrolyses of cellulose Avi-
cel (processed crystalline cellulose) from 168h to 216h with 2
initial concentrations of a commercial enzymatic cocktail 50
mg/g and 10 mg/g. The experiments consist in adding fresh
enzymes in the course of the process to see if this boosts (we
call onward re-start) the hydrolysis process. Three modali-
ties of enzyme concentration are tested:

e Initial concentration of 50 mg/g, no addition of fresh
enzymes

e Initial concentration of 10 mg/g, addition of 50 mg/g
fresh enzymes at t=168h

e Initial concentration of 10 mg/g, addition of 10 mg/g
fresh enzymes at t=72h, and 40 mg/g at t=168h

The progress-curves, Fig. 2, depict two phases, a rapid phase
during the first hours of the reaction, and from 24 hours to
168 hours a slower seemingly linear phase, with comparable
hydrolysis rates whatever the enzyme concentration in the
solution. In Fig. 2 no clear re-start is observed. To enrich
this description domain experts selected 3 types of experi-
ments described in the literature. Given the experiments,
Fig. 2, and additional observations, the expected behaviour
has the following features:

e Addition enzyme. No restart

— Surface clean-up & Addition enzyme. Restart

e Addition substrate. Restart

e Hydrolysis rate slowing-down. No or weak dependency
on initial enzyme concentration

The two first experiments are obviously related as the sur-
face clean-up is informative only when no restart was ob-
served. The paper focuses on the Addition enzyme property.



100 Inactiveenzyme: Concentration
Max
Plus
3 80 —o—A—————— Zero
>
< 1.2 3 5 6 4
o 60 Free enzyme: Concentration
; Max
S 40 o &S @ s
w
Zero
- 1.2 3 5 6 4
20 Activenzyme: Concentration
J— ———————————————— Max
A g @ @6 0 & Pus
0 10 20 30 60 > zero
Time(s) 1.2 3 5 6 4

Figure 3: Left graph is reproduction of simulation
results from [6], graphs on the right illustrate the
corresponding behaviour pathway produced by the
QR base model.

4.2 Establishing the base model

Cruys-Bagger et al., [6] paper is published in a journal of
biochemistry. It is a kinetic study for hydrolysis of pro-
cessed amorphous cellulose by a cellobiohydrolase (CBH)
for 1 minute. The goal of the paper is to investigate the
slowing-down of the hydrolysis rate for the first minute of
the reaction through the identification of the rate-limiting
factors. The authors present a mechanistic kinetic model
of the enzymatic reaction to support their interpretation of
the results. The study focuses on fundamental processes
that occur in the target system as well. The authors iden-
tified a strong hydrolysis rate slowing-down almost at the
onset of the reaction from the following model:

E+ Cm 2oms BCy Feoty BCy - Fety BO

kogs | kogr 4 koss 4
E + Cm E + Cmfl E + Cmfn

E represents the CBH that adsorbs on the cellulose surface
at a reaction rate constant ko, hydrolyses a cellulose strand,
represented by C in a processive manner at kcqt, to release
cellobiose. A cellulose strand is composed of m cellobiose
units, it is assumed that on average n units of cellobiose are
released by a CBH before it gets stalled by some obstacles
at the cellulose surface as ECy,—, complex. In this form the
enzyme needs to dissociate at k,rr. Using the model the
author produces the simulation curves (Fig. 3), where 70%
of enzyme are stalled and then inactive after 1 min, limit-
ing the quantity of active enzyme. The rate limitation is
related to the accumulation of inactive enzyme, due to mor-
phological obstacles (low n) and slow dissociation velocity
(lOW koff).

Fig. 4 presents an overview the corresponding QR model
structure, produced automatically by Garp3 for the initial
state of the simulation. It depicts the relations between the
quantities of the model. Entities of the model are boxes
linked via semantic relations, not represented in Fig. 4 for
clarity sake. The QR model has three main entities: Cel-
lobiohydrolase (Enzyme), Cellulose (Substrate), Cellobiose
(Product). The enzymes can be in 3 states: (i) Free in solu-
tion, (ii) Active during the production stage, (iii) Inactive.
Quantities assigned to the entities are in the boxes. In the

base model it includes Concentration and rates. Contrary
to the kinetic model, the base model does not include the
three first-order constants but the corresponding rates, Rate
on, Rate cat, Rate off. Concentration in Free enzyme stands
for E, Concentration in Inactive enzyme stands for ECy,—p,
complex, while Concentrationin Active enzyme stands for
ECy,—; with i € {0,...n — 1}. The QR model, like the ki-
netic model, captures exclusively the relations between the
concentrations of enzyme in the different states. Neither
the substrate nor the product play an active role in the base
model. The position of the active enzyme along the cellulose
strand is not captured in the base model. While determi-
nant in the kinetic model to obtain realistic simulations, it
is not needed to convey interpretation of the results using
QR. Quantity spaces of the Quantities are given below the
Quantity label current value in red and derivative sign as
symbols {A, e, ¥} for decrease, steady or increase.

Running the simulation produces a state-graph of 27 quali-
tative states with a characteristic fan shape (Fig. 4b). State
4 is the dynamic equilibrium state, with all quantities of the
system steady but the concentration of cellobiose that in-
creases at a constant rate. The simulation depicts two kinds
of behavioural pathways of interest. One maps the kinetic
model simulation (Fig. 3 and Fig. 4b in red). Fig. 3 dis-
plays a perfect match between the two simulations. Hence,
the base model shows encompassment for paper [6] as it can
convey the interpretation of the results in the form of causal
graph (Fig. 4a). It appears that the kinetic simulation is
described by a pathway of 6 qualitative states. For each
state, a causal graph similar to Fig. 4a is produced. Thus,
state 4 (Fig. 3), displays the accumulation of Inactive en-
zyme affecting the hydrolysis.

The second behaviour is cyclic and goes around state 4, from
state 3 via states 9, 17 and finally 26 until it meets state 3
again (Fig. 4b). State 4 can be reached from many states of
this pathway. The behaviour depicts successive oscillations
of the 3 concentrations of enzymes, starting from Active en-
zyme, as captured by the chunk [3—5—6] (Fig. 3). While
this alternative behaviour does not match the kinetic model
simulation, it seems like a valid physical description. In-
deed, if one considers enzyme as discrete agents and not as
a continuous and innumerable quantity, then the equilibrium
state (state 4) will never be exactly reached but instead the
number of enzymes in the 3 states will oscillate around it.

4.3 Confrontation with the target behaviour
Cruys-Bagger et al.,’s system clearly does not exhibit the
target behaviour. Consider the simulation results (Fig. 3).
There is less free enzymes in the solution as a significant
part of it, is inactive (state 4). If one adds fresh enzyme at
that moment, then following the system (Fig. 4) there will
be more Free and then Active enzyme, so the hydrolysis will
restart’ and the following proposition applies:

e Substrate available A Enzymes not functioning —
Addition enzyme. Restart

This however contradicts the target behaviour. Therefore if
enzyme is added after several hours of hydrolysis the expla-

!Cruys-Bagger et al., actually did the test by adding the
same amount of enzyme after t=60 sec and observed two
bursts of hydrolysis of comparable magnitude



a)

Rate cat

BPlus
®Zero

Activenzyme

Free enzyme

Concentration

Concentration

=) Max
ﬂ ?Ius

Zero

EAN

Max
BPlus
®Zero

®Max
BPus
®Zero®

Concentration

OV

Cellobiohydrolase N

Quant enzyme Rate off
8 Total ® BPlus
®Zero

Rate on

#Plus
®Zero

. Access surface
Inactiveenzyme
®Max ®
Concentrati BPlus
[] Max/‘pr ®Zero
#Plus i
®Zero ® Cellulose e
Concentration
®Max ®
BPlus
®Zero
general constraints
constraints
(Concentration(Inactiveenzyme) + (Concentration(Free enzyme) + Concentration(Activenzyme))) d= zero
(Concentration(Free enzyme) + (Concentration(Inactiveenzyme) + Concentration(Activenzyme))) = max(Concentration(Inactiveenzyme)

Figure 4: QR base model simulation results: (a) causal graph underlying state 1, (b) the state-graph.

nation conveyed by the base model gets insufficient. There
is a need to understand why.

4.4 Integrating the substrate condition

Fox et al., [11] paper is published in a journal of biochem-
istry. It is a kinetic study for hydrolysis of BMCC (bacterial
microcrystalline cellulose) for 100h, much longer than the
paper [6]. Their findings allow them to propose that the
rate of complexation of CBH with the cellulose limits the
rate of CBH-catalyzed hydrolysis. In the QR model Rate
on represents both the rate of complexation and the rate
of adsorption. A limiting Rate on contradicts apparently
Cruys-Bagger et al.,’s interpretation based on a low Rate
off. A third input is needed to relate these interpretations.
Yang et al., [20] paper is published in a journal of biotech-
nology and bioengineering. It is a study of cellulose Avicel
hydrolysed by a complete cellulase system during 15h with
different restart experiments. The conditions described in
this paper are comparable to the ones used to produced Fig.
2. Accordingly the authors observed that the addition of
fresh Enzymes causes weak restart unless a cellulose surface
clean-up were performed beforehand. The authors suggest
that the surface of the cellulose is actually more accessible
later in the reaction but it is enzyme attached to cellulose
surface that affects the hydrolysis. As more enzyme adsorbs
on the surface a steric hindrance might appear.

Building an executable version of these interpretations re-
quires the modelling of the substrate surface condition. We
consider that an accessible surface of cellulose can be either
covered or available for the enzyme to adsorb. A new model
fragment is added to implement a connection between Con-
centration of Inactive enzyme and a Covered access surface:

— . P
e Concentration [in Inactive enzyme] ——5 Covered ac-

cess surface [in Cellulose]

o Access surface [in Cellulose] > Covered access surface
[in Cellulose]

o Access surface [in Cellulose] - Covered access surface
[in Cellulose] = Awvailable access surface [in Cellulose]

e Covered access surface [in Cellulose] L2 Available ac-
cess surface [in Cellulose]

o Access surface [in Cellulose] %y Available access sur-
face [in Cellulose]

The available accessible surface can limit the adsorption of
Free enzyme. This is implemented in a second model frag-
ment as follows (P* is the proportionality relation that cor-
responds to the product):

o Awailable access surface [in Cellulose] x Concentration
[in Free enzyme| = Rate on [in Cellobiohydrolase]

o Awailable access surface [in Cellulose] 2%, Rate on [in
Cellobiohydrolase]

e Concentration [in Free enzyme] 2%, Rate on [in Cel-
lobiohydrolase]

Capturing these new relations generates a state-graph of 41
states, with one dynamic equilibrium state, again state 4.
The behaviour pathway of Fig. 3 is also produced, so the
model maintains encompassment for [6]. The extended ver-
sion now relates Rate on dynamic to the Concentration of
Inactive enzyme via the Awailable access surface. An in-
stance of the cyclic behaviour is particularly illustrative in
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Figure 5: Value-history graph for one behaviour
pathway produced with the extended QR model.

this respect (Fig. 5). The accumulation of Inactive enzyme
can increase, up to cover the accessible surface and stops
the recruitment of Active enzyme (Rate on=zero) in state
15 (Fig. 5). State 15 will last until some Inactive enzyme
is released via Rate off, which is a slow process as discussed
before. In such conditions the rate of complexation via Rate
on might appear limiting and adding fresh enzyme with-
out removing the Inactive enzyme from the surface will not
cause a restart. This matches [11, 20] interpretations and
the target behaviour for the addition of enzyme experiments.

5. CONCLUSIONS

This paper describes the construction of self-explanatory QR
models as instruments to integrate ideas presented in differ-
ent scientific papers. The notions of encompassment and
sufficiency are postulated as criteria to evaluate the appro-
priateness of a particular model for a given set of papers.
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