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Abstract. Evaluating a hypothesis and its claims against experimental data is an 
essential scientific activity. However, this task is increasingly challenging given 
the ever growing volume of publications and data sets. Towards addressing this 
challenge, we previously developed HyQue, a system for hypothesis formula-
tion and evaluation. HyQue uses domain-specific rulesets to evaluate hypothes-
es based on well understood scientific principles. However, because scientists 
may apply differing scientific premises when exploring a hypothesis, flexibility 
is required in both crafting and executing rulesets to evaluate hypotheses. Here, 
we report on an extension of HyQue that incorporates rules specified using the 
SPARQL Inferencing Notation (SPIN). Hypotheses, background knowledge, 
queries, results and now rulesets are represented and executed using Semantic 
Web technologies, enabling users to explicitly trace a hypothesis to its evalua-
tion as Linked Data, including the data and rules used by HyQue. We demon-
strate the use of HyQue to evaluate hypotheses concerning the yeast  
galactosegene system. 
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1 Introduction 

Developing and evaluating hypotheses in the context of experimental research results 
is an essential activity for the life scientist, but one which is increasingly difficult to 
carry out manually given the ever growing volume of publications and data sets[1]. 
Indeed, biologists perceive that the predominant challenge in research is to “locate, 
integrate and access” the vast amounts of biological data resulting from small- and 
large-scale experiments[2]. Life sciences resources for the Semantic Web, such as 
Bio2RDF[3] and the growing number of bio-ontologies offer the potential to develop 
systems that consume these resources and computationally reason over the knowledge 
they contain to infer new facts[4-6]and answer complex questions[7]. 

With the diversity of research claims that exist in such large resources, there is also 
the potential for statements to contradict one another. Formally exploring the out-
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comes of relying on different sets of research claims to assess a hypothesis is neces-
sary to not only confer confidence in the hypothesis evaluation methodology (whether 
manual or automatic), but also to provide evidence for the likelihood of one interpre-
tation of results compared to another. Previous research efforts that have aimed at 
formally evaluating scientific data in the context of hypotheses include HYPGENE[8, 
9], HinCyc[10], GenePath[11] and Adam the Robot Scientist[12, 13]. Each of these 
projects use application-specific representations for data and the rules used to assess 
this data, making their extension to new domains, as well as their comparison and 
performance evaluation difficult. 

Towards addressing the challenge of integrating experimental knowledge with biologi-
cal hypotheses, we previously developed HyQue[14, 15]. HyQue uses Semantic Web 
standard languages (RDF/OWL) to represent hypotheses and data, SPARQL queries to 
retrieve data, and domain-specific rulesets to evaluate hypotheses against this data. While 
HyQue uses rulesets based on well understood scientific principles[16, 17], finer grained 
evaluations would require the exclusion or inclusion of additional rules. Problematically, 
HyQue’s domain-specific evaluation rules were hard-coded, which made it implausible 
for users to construct custom rule sets for hypothesis evaluation.  

In this paper, we describe an extension of HyQue that uses evaluation rules speci-
fied using the SPARQL Inferencing Notation (SPIN) in place of hardcoded rules. 
SPIN is a W3C member submission1 rule language whose scope and expressivity are 
defined by SPARQL. Thus, SPIN rules are SPARQL queries which can not only be 
used to assert new facts, but also used to infer OWL class membership for non-
hierarchical class membership axioms2. Moreover, SPIN rules can be serialized into 
RDF, and hence can become part of a system that maintains provenance concerning 
calculations and inferences. 

In this new version of HyQue, hypotheses, background knowledge, queries, results 
and now evaluation rulesets are represented and executed using Semantic Web tech-
nologies. Domain specific rules for evaluating experimental data in the context of a 
hypothesis are now maintained independently of the system rules that are used to 
calculate overall hypothesis evaluation scores. We demonstrate these features by eva-
luating hypotheses about the galactose gene system in yeast[16]. HyQue enables users 
to explicitly trace a hypothesis to its evaluation, including the data and rules used. In 
addition to making the hypothesis evaluation methodology transparent and reproduci-
ble (essential qualities for good e-science), this allows scientists to discover experi-
mental data that support a given hypothesis as well as explore new and potentially 
uncharacterized links between multiple research outcomes. A unique strength of Hy-
Que is that its design is not dependent upon a specific biological domain, and the 
assumptions encoded in its hypothesis evaluation rules are changeable and maintained 
separately from the evaluation system. As our understanding of biological systems 
evolves and improves through research, the way HyQue evaluates hypotheses, as well 
as the facts and data it uses, can evolve as well. 

                                                           
1 http://www.w3.org/Submission/2011/SUBM-spin-overview-20110222/ 
2 http://www.w3.org/Submission/2011/SUBM-spin-modeling-20110222/ 
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1. protein-protein binding 
2. protein-nucleic acid binding 
3. molecular activation  
4. molecular inhibition 
5. gene induction 
6. gene repression 
7. transport 

2.3 HyQue Knowledge Base (HKB) 

A HyQue Knowledge Base (HKB) consists of RDF data, RDFS-based class hierar-
chies and/or OWL ontologies. For demonstration purposes, our HKB consists of an 
RDF version of the galactose (GAL) gene network in yeast [17], an extended version 
of the Bio2RDF compatible yOWL knowledge base [7, 15] and the following bio-
ontologies (for the listed entities): 
 
- Gene Ontology (GO): cellular components, events (e.g. ‘nucleus’, ‘positive 

regulation of gene expression’) 
- Evidence Codes Ontology (ECO): the type of evidence supporting an event 

(e.g. 'electronic annotation', 'direct assay') 
- Sequence Ontology (SO): event participants (e.g. 'gene') 
- Chemical Entities of Biological Interest (CHEBI) Ontology: event participants 

(e.g.  'protein', 'galactose') 
 

All Linked Data (encoded using RDF) and ontologies (encoded using OWL) that 
comprise the HKB are available at the project website. 

2.4 The HyQue Scoring System 

HyQue uses rules to calculate a numerical score for a hypothesis based on the degree 
of support the hypothesis has from statements in the HKB. HyQue first attempts to 
identify statements about experimentally verified events in the HKB that have a high 
degree of matching to a hypothesized event, and then assesses these statements using 
domain specific rules to assign a score to the hypothesized event. If there is a statement 
about an experimentally reported GAL gene/protein interaction in the HKB that ex-
actly matches a hypothesized event, then that event will be assigned a maximum score 
when it is evaluated by HyQue. In contrast, if a hypothesized event describes an inter-
action between a protein A and a protein B but there is a statement in the HKB assert-
ing that protein A does not interact with protein B, then the hypothesis will be assigned 
a low score based on the negation of the hypothesized event by experimental data. 
Different HyQue rules add or subtract different numerical values based on whether the 
relevant experimental data has properties that provide support for a hypothesized 
event. For instance, if an event is hypothesized to occur in a specific cellular compart-
ment e.g. nucleus, but the HKB only contains a statement that such an event takes 
place in a different cellular component e.g. cytoplasm, then a rule could be formulated 
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such that the hypothesis, while not directly supported by experimental evidence, will 
be penalized less than if the event had been asserted to not take place at all. 

Based on such scoring rules, each event type has a maximum possible score. When 
a hypothesized event is evaluated by HyQue, it is assigned a normalized score calcu-
lated by the sum of the output of the relevant rule(s) divided by the maximum possi-
ble score. In this way, if an event has full experimental support, it will have an overall 
score of 1, while if only some properties of the hypothesized event are supported by 
statements in the HKB is will have a score between 0 and 1. 

Overall proposition and hypothesis scores are calculated by additional rules based 
on the operators that relate events. If a proposition specifies ‘event A’ OR ‘event B’ 
OR ‘event C’ then the maximum event score will be assigned as the proposition score, 
while if the ‘AND’ operator was used, the mean event score will be assigned as the 
proposition score. Using the mean reflects the relative contribution of each event 
score while still maintaining a normalized value between 0 and 1. Similar rules are 
used to calculate an overall hypothesis score based on proposition scores. 

HyQue uses SPIN to execute rules that reflect this scoring system.  

2.5 HyQue SPIN Rules 

HyQue uses two types of rules to evaluate hypotheses: domain specific rules that 
depend on the subject of the hypothesis (in this case, gene regulation) and system 
rules that define how to combine the output of domain specific rules in order to de-
termine an overall hypothesis evaluation score. These rules are defined separately 
using SPIN and can be changed independently of each other. 

HyQue system rules describe how to calculate event, proposition and overall  
hypothesis scores based on the structure and content of the hypothesis. For example, 
the following rule (modified with single quoted labels for illustrative purposes) gener-
ates four statements that assert the relationship between a HyQue hypothesis (any 
instance of the class hyque:HYPOTHESIS_0000000) and its evaluation. 

CONSTRUCT { 
 ?this ‘has attribute’ ?hypothesisEval . 
 ?hypothesisEval a ‘evaluation’. 
 ?hypothesisEval ‘obtained from’ ?propositionEval . 
 ?hypothesisEval ‘has value ?hypothesisEvalScore . 
} WHERE { 
 ?this ‘has component part’ ?proposition . 
 ?proposition ‘has attribute’ ?propositionEval . 
 BIND(:calculateHypothesisScore(?this) AS ?hypothesisEvalScore) . 

BIND(IRI(fn:concat(afn:namespace(?this), afn:localname(?this),"_", 
"evaluation")) AS ?hypothesisEval) . 

} 
 

This SPIN rule states that a HyQue hypothesis (hyque:HYPOTHESIS_0000000) will be 
related to a new attribute of type ‘evaluation’ (hyque:HYPOTHESIS_0000005)  by the 
‘has attribute’ (hyque:HYPOTHESIS_0000008) object property. The numeric value of this 
evaluation is specified using the ‘has value’ (hyque:HYPOTHESIS_0000013) datatype 
property.  Since the evaluation of the hypothesis comes from evaluating the propositional 
parts, these are related with the ‘is obtained from’ (hyque:HYPOTHESIS_0000007) object 
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property. The SPARQL variable ‘?this’ has a special meaning for SPIN rules, and refers to 
any instance of the class the rule is linked to. SPIN rules are linked to classes in the HyQue 
ontology using the spin:rule  predicate. 

This hypothesis rule uses another rule, calculateHypothesisScore, to cal-
culate the hypothesis score, and the output of executing this rule is bound to the vari-
able ?hypothesisEvalScore. Note that the hypothesis rule is constrained to a 
HyQue hypothesis that ‘has component part’ (hyque:HYPOTHESIS_0000010) some 
‘proposition’  (hyque:HYPOTHESIS_0000001) that ‘has attribute’ a proposition 
evaluation. In this way HyQue rules are chained together – when one rule is executed, 
all the rules it depends on are executed until no new statements are created. In this 
case, because a hypothesis evaluation score requires a proposition evaluation score, 
when the hypothesis evaluation rule is executed, the HyQue SPIN rule for calculating 
a proposition score is executed as well. Each proposition evaluation is asserted to be 
‘obtained from’ the event evaluations corresponding to the event(s) specified by (hy-
que:HYPOTHESIS_0000012) the proposition. Each event evaluation is also asserted 
to be ‘obtained from’ the scores determined for each event property (the agent, target, 
location etc.) and the statements in the HKB the scores are based on. 

Domain specific rules for HyQue pertain to the domain of interest. An example of 
a domain specific rule is calculateActivateEventScore corresponding to 
the following SPARQL query: 
 
SELECT ?activateEventScore 
WHERE {  
 BIND (:calculateActivateAgentTypeScore(?arg1)  
  AS ?agentTypeScore) . 
 BIND (:calculateActivateTargetTypeScore(?arg1)  
  AS ?targetTypeScore) . 
 BIND (:calculateActivateLogicalOperatorScore(?arg1)  
  AS ?logicalOperatorScore) . 
 BIND (:penalizeNegation(?arg1) AS ?negationScore) . 
 BIND (3 AS ?maxScore) . 
 BIND (((((?agentTypeScore + ?targetTypeScore) +  
   ?logicalOperatorScore) + ?negationScore) /  
   ?maxScore) AS ?activateEventScore) . 
} 

 
In this rule, a numeric score (?activateEventScore) is calculated from the sum 
of a set of outputs from other sub-rules divided by the maximum score possible (in 
this case, 3). This rule uses a special variable ?arg1, which corresponds to any enti-
ties linked using the SPIN sp:arg1 predicate. This special variable is selected by 
specifying a spin:constraint on the rule, which states that any variable passed to the 
rule when it is called can be referred to within the rule to by ‘?arg1’. For example, if 
the rule were called by including calculateActivateEventScore(?data) 
in a SPARQL query WHERE statement, ?data will be the variable referenced by 
?arg1 in the rule definition. 

The sub-rule calculateActivateLogicalOperatorScore determines a 
score for the type of logical operator specified in a HyQue hypothesis based on domain 
specific knowledge about the GAL gene network. This rule corresponds to the  
following SPARQL query: 
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SELECT ?score 
WHERE { 

?arg1 ’has logical operator’ ?logical_operator . 
BIND (IF((?logical_operator = ’positive regulation of molecular  

function’), 1, -1) AS ?score) . 
} 

 
Thus, if the logical operator specified in a hypothesis event is of type ‘positive regula-
tion of molecular function’ (GO:0044093) the rule will return 1, and otherwise the 
rule will return -1.The calculateActivateEventScore rule is composed of 
several sub-rules of this format. HyQue uses similar rules for each of the seven event 
types listed in section 2.2 to evaluate hypotheses.  

SPIN rules were composed using the free edition of TopBraid Composer 3.5. Hy-
Que executes SPIN rules using the open source SPIN API 1.2.0 and Jena 2.6.4. 

2.6 Executing HyQue SPIN Rules over the HKB 

To execute the HyQue SPIN rules over an input hypothesis using data from the HKB, 
a Java program was written with the open source SPIN API (version 1.2.0) and the 
Jena API (version 2.6.4). Users can submit a hypothesis to the program via a servlet 
available at http://hyque.semantiscience.org. The servlet returns the RDF-based hy-
pothesis evaluation. 

3 Results 

HyQue currently uses a total of 63 SPIN rules to evaluate hypotheses. 18 of these are 
system rules, and the remaining 45 are domain specific rules that calculate evaluation 
scores based on well understood principles of the GAL gene network in yeast as de-
scribed in section 2.5. These rules have been used to evaluate 5 representative hy-
potheses about the GAL domain, one of which is presented in detail in section 3.1. 

3.1 Evaluating a Hypothesis about GAL Gene Induction and Protein Inhibition 

The following is a natural language description of a hypothesis about the GAL gene 
network that has been evaluated by HyQue. Individual events are indicated by the 
letter ‘e’, followed by a number to uniquely identify them. Events are related by the 
AND operator in this hypothesis, while the two sets of events (typed as propositions 
in the HyQue hypothesis ontology) are related by the OR operator. 
 
(Gal4p induces the expression of GAL1  e1 
AND Gal3p induces the expression of GAL2 e2 
AND Gal4p induces the expression of GAL7) e3 
OR 
(Gal4p induces the expression of GAL7  e4 
AND Gal80p induces the expression of GAL7 e5 
AND Gal80p does not inhibit the activity of Gal4p 

when GAL3 is over-expressed)  e6 
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Two domain specific SPIN rules were executed to evaluate this hypothesis: calcu-
lateInduceEventScore for e1-e5 and calculateInhibitEventScore 
for e6, in conjunction with system rules to calculate overall proposition and hypothe-
sis scores based on the event scores. 

By identifying and evaluating statements in the HKB that experimentally support 
e1, the calculateInduceEventScore rule assigns e1 a score of 4 out of a 
maximum score of 5 (see Table 1). This corresponds to a normalized score of 0.8. 
Similarly, events 2-5 also receive a score of 0.8. The calculateInhibitE-
ventScore rule assigns event 6 a score of 1 based on comparable scoring rules. 
Therefore, the proposition specifying e4, e5 and e6 receives a higher score (0.87 – the 
mean of the individual event scores) than the proposition specifying e1, e2 and e3 
(with a mean score of 0.8). Because the two propositions were related by the OR op-
erator, the hypothesis is assigned an overall score that is the maximum of the two 
proposition scores, in this case, a value of 0.87. 

Table 1. SPIN rules executed to evaluate a hypothetical GAL gene induction event, their 
outcomes, and contribution to an overall hypothesis score assigned by HyQue 

SPIN Rule Rule output Score 
penalizeNegation Event is not negated 0 
calculateInduceAgentTypeScore Actor is a‘protein’ (CHEBI:36080) +1 
calculateInduceTargetTypeScore Target is a‘gene’ (SO:0000236) +1 
calculateInduceLogical 
OperatorScore 

Logical operator is ‘induce’ 
(GO:0010628) 

+1 

calculateInduceAgentFunction 
Score 

Actor does not have ‘transcription fac-
tor activity’ (GO:0003700) 

0 

calculateInduceLocationScore Location is ‘nucleus’ (GO:0005634) +1 

The complete HyQue evaluations of this hypothesis as well as that of four addi-
tional hypotheses are available as RDF at the project website. 

3.2 Changing a Domain Specific Rule Affects Hypothesis Evaluation 

The calculateInhibitEventScore used to evaluate event 6 in section 3.1 in 
its current form does not take into account the physical location of the event partici-
pants. In other words, the score does not depend on data describing where the event 
participants are known (or not) to be located in the cell. However, some experimental 
evidence suggests that physical location in the context of an inhibition event plays an 
important role. Specifically, the inhibition of Gal4p activity by Gal80p is known to 
take place in the nucleus, yet this inhibition is interrupted when Gal80p is bound by 
Gal3p, which is typically found in the cytoplasm[18]. 

The effect of changing the calculateInhibitEventScorerule to require 
that all event participants be located in the nucleus to achieve a maximum score (a 
reasonable assumption given published findings[19]) on the hypothesis in section 3.1 
would be that the score for e6 is reduced. This is because adding an additional  



 Evaluating Scientific Hypotheses Using the SPARQL Inferencing Notation 655 

sub-rule (let us call it calculateInhibitEventParticipantLocationS-
core) would increase the maximum score, while experimental data in the HKB is not 
available to satisfy the conditions of this new sub-rule – there is not experimental data 
available about the location of the Gal4p or Gal80p proteins in the cell. More specifi-
cally, let us say that the maximum score possible for calculateInhibitE-
ventScore with the new sub-rule is now 4, and that event 6 is therefore assigned a 
score of 0.75 (3/4) based on the output of this rule. This changes the overall hypothe-
sis score in that the first proposition (specifying events 1-3) now has a higher mean 
score (0.8, versus 0.78 for the second proposition as calculated using the new rule), 
and thus this is assigned as the overall hypothesis score. 

This example demonstrates how using a different domain specific rule affects an 
overall hypothesis evaluation, and how the effect can be traced to both the rule(s) 
used and the data the rules are executed over. 

4 Discussion 

Using SPIN rules to evaluate HyQue hypotheses has several advantages. While Hy-
Que “version 1.0” used SPARQL queries to obtain relevant statements from the HKB, 
the scoring rules used to evaluate those statements were hard-coded in system code. 
HyQue’s SPIN evaluation rules can be represented as RDF, which allows the poten-
tial for users to query for HyQue rules that meet specific conditions, as well as poten-
tially link to and aggregate those rules. In addition, users can create their own SPIN 
rules to meet specific evaluation criteria and augment existing HyQue rules to include 
them. In this way, different scientists may use the same data to evaluate the same 
hypotheses and arrive at unique evaluations depending on the domain principles  
encoded by the SPIN rules they use, as demonstrated in section 3.2. Encoding evalua-
tion criteria as SPIN rules also ensures that the source of an evaluation can be expli-
citly stated, both in terms of the rules executed and the data the rules were executed 
over. This is crucial for formalizing the outcomes of scientific reasoning such that 
research conclusions can be confidently stated. 

Separating HyQue system rules from the GAL domain specific rules highlights the 
two aspects of the HyQue scoring system. Specifically, HyQue currently encodes 
certain assumptions about how events in hypotheses may be related to one another, 
and how these relations are used to determine an overall hypothesis score, as well as 
domain specific assumptions about how to evaluate data in the context of knowledge 
about the GAL gene network. However, because assumptions about hypothesis struc-
ture are encapsulated by HyQue system rules, they may be changed or augmented 
without affecting the GAL domain specific rules, and vice versa. HyQue system rules 
can be extended over time to facilitate the evaluation of hypotheses that have funda-
mentally different structures than those currently presented as demonstrations. We 
envision a future iteration of HyQue where users can submit unique system and do-
main specific rules to use for evaluating hypotheses and in this way further research 
in their field by exploring novel interpretations of experimental data and hypotheses. 
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Similarly, it may be possible in future for HyQue users to select from multiple sets of 
evaluation rules and to compare the hypothesis evaluations that result. 

Crafting SPIN rules requires knowledge of SPARQL, which, while being used in a 
number of life-science related projects[3, 5, 20-22], may present a barrier to some 
users. Similarly, representing hypotheses as RDF to submit to HyQue is not a trivial 
activity. To address the latter, we have developed an online form based system for 
specifying hypothesis details and converting them to RDF, available at the project 
website. 

The Rule Interchange Format (RIF)4 is the W3C standard for representing and ex-
changing rules between rule systems. SPIN, a W3C member submission, has been 
identified as an effort complimentary to RIF[23] and because there is some discussion 
of RIF and RDF compatibility5, SPIN and RIF may become compatible if the RIF 
working group remains active6. HyQue provides a relevant use case and motivation 
for enabling such compatibility. Given that SPIN rules may be represented as RDF 
and executed over any RDF store using SPARQL (both W3C standards), however, 
and that the motivation of SPIN is specifically to execute SPARQL as rules, in the 
context of HyQue compatibility with RIF is not of immediate concern. 

5 Conclusions 

We present an extended version of HyQue that uses SPIN rules to evaluate hypothe-
ses encoded as RDF, and makes the evaluation, including the data it is based upon, 
also available as RDF. In this way, users are able to explicitly trace a path from hy-
pothesis to evaluation and the supporting experimental data, and vice versa. We have 
demonstrated how HyQue evaluates a specific hypothesis about the GAL gene net-
work in yeast with an explanation of the scoring rules used and their outcomes. 
Evaluations of additional hypotheses, as well as HKB data and HyQue SPIN rules are 
available at http://hyque.semanticscience.org. 
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