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ABSTRACT
Web search engines are typically designed to involve multiple pages
of search results, and the search users engaging in exploratory
search with ad hoc queries are likely to access more than one result
pages. The ranking of web pages for such queries should consider
additional information other than the original query, e.g., the user
clicks on previous result pages. Existing methods that utilize this
kind of information usually involve relevance feedback, which uses
the feedback information to explore the user’s intent. However,
due to the limitation of the feedback mechanism, it is di�cult to
apply existing relevance feedback techniques to state-of-the-art
learning to rank models. In this paper, we propose a novel learning
to rank model for multi page search in which the user’s feedback
can be naturally utilized for improving the ranking of next result
page. The model, referred to as MDP-MPS, formalizes the ranking
of documents in multi page search as a Markov decision process
(MDP) in which the search engine corresponds to the agent for
constructing the document rankings in the result pages, and the
user corresponds to the environment for judging the rankings and
providing rewards. The policy gradient algorithm of REINFORCE
is adopted for learning the model parameters. Experimental results
on OHSUMED dataset showed that our approach outperformed
the baselines of traditional relevance ranking model of ListNet and
relevance feedback method of Rocchio.
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1 INTRODUCTION
The modern information retrieval interface typically involves mul-
tiple pages of search results and users are likely to access more than
one page. In many common retrieval scenarios, the search results
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are split into multiple pages that the user traverses across by click-
ing ’next page’ button. The users examine a Search Engine Result
Page(SERP) by browsing the rank list from top to down, click on
relevant documents and return to the SERP in the same session. A
good multi-page search system should begin by a static method and
could continue to adapt the model based on the feedback from the
user. Relevance feedback method [7] has been proved very e�ective
for improving retrieval accuracy over the interactive information
retrieval tasks. As for the Rocchio algorithm [11], the search engine
gets the feedback information from the user, and then add weight of
the terms from known relevant documents or minus weight of the
terms from known irrelevant documents. Most relevant feedback
methods balance the initial query and the feedback information
based on a �xed value, rather than apply an adaptive coe�cient for
each query and each set of feedback.

Learning to rank methods have been widely used for information
retrieval, in which all the documents are represented by feature
vectors to re�ect the relevance of the documents to the query [8].
The learning to rank methods aim to learn a score function for
the candidate documents by minimizing a carefully designed loss
function. Our work considers the multi page search scenario, and
applies relevance feedback techniques to state-of-art learning to
rankmodels. Themulti-page search process is an interactive process
between the user and the search engine. At each time step, the
search engine selects M documents to construct a rank list. The
user browses this rank list from top to down, clicks the relevant
documents, skips the irrelevant documents, and then clicks the
"next page" button formore results. In this paper, wemathematically
formulate the multi page search process as an Markov Decision
Process. The search engine is treated as the agent, which selects
documents from remaining candidate document set to deliver to
the user for satisfying the user’s information need. The state of the
environment is consist of the query, remaining documents, rank
position and user’s click information. We apply the soft-max policy
to balance the exploration and exploitation during training and
design the reward on the basis of IR measure metric. A classical
policy gradient policy method based on the REINFORCE is applied
to optimize the search policy.

In this paper, we propose a technical schema to use user feedback
from the top-ranked documents to generate re-ranking for the re-
maining documents. Compared with existing methods, our method
enjoys the following advantages: 1) Formulate the multi-page pro-
cess as an Markov Decision Process and apply policy gradient to
train the search policy which could optimize the search measure
metric directly. 2) Apply the Recurrent Neural Network to process
the feedback and improve the traditional learning to rank model
with the feedback information based on Rocchio.

We use traditional learning to rank method ListNet, RankNet
and RankBoost as the initial model to construct the experiments
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on OHSUMED dataset, simulate the interaction between the search
engine and user based on Dependent Click Model (DCM). The
experimental result show that our model can prove the ranking
accuracy for traditional learning to rank method and has better
generalization ability.

2 RELATEDWORK
In interactive information retrial, several methods have been pro-
posed to utilize the relevance feedback information to modi�ed the
model. Relevance feedback has been extensively studied and most
of the methods take it as a learning problemwith s special treatment
of query. For example, the well known Rocchio algorithm [11, 12]
uses explicit feedback to improve query. The balance parameter is
usually set to be a �xed value across all the queries and collections.
However, due to the di�erence in queries and feedback documents,
it should be optimized for each query and each set of feedback.
In [10], presented a learning approach to adaptively predict the
optimal balance coe�cient for each query and each collection and
given three heuristics to characterize the balance between query
and feedback information.

A similar approach was explored by [6], where formulated this
problem as a Bayesian sequential model and used a dynamic pro-
gramming approach for optimizing. In [16], [17] and [15], has
adapted Markov Decision Process to model the diverse ranking,
session search and relevance ranking process. Online learning to
rank methods aim to incrementally learn from user feedback in real
time and formulated as reinforcement learning problem in[5]. Dif-
ferent these methods, we take the multi page search scenarios, use
the Recurrent Neural Network to repress the feedback information
and modi�ed the initial static learning to rank model inspired by
the Rocchio algorithm.

3 PROBLEM FORMULATION
3.1 Multi Page Search as MDP
The multi-page search process can be treated as an interactive
ranking process between the search engine and the user, just as
�gure 1 shown. At each time step, the search engine selects M
documents from the candidate documents set to construct a search
result page and delivers it to the user. The user receives these
documents, browses them from top to down, clicks the relevant
documents and skips the irrelevant documents. Then, the user will
clicks the ’next page’ button, and the search engine constructs
another search result page from the remaining candidate document
by considering the user’s click information. This process can be
mathematically formulated as a Markov Decision Process(MDP),
which can be represented as a tuple 〈S,A,T ,R,π 〉 composed by
states, actions, transition, reward, and policy, which are respectively
de�ned as follows:

State S describes the environment. In multi pages search process,
the state can be the ranking position to calculate the reward of the
received document, the relevant ranked documents, the irrelevant
ranked documents as well as the the remaining documents. A tuple
is given to describe the state st :

[t ,X t
r ,X

t
ir,X
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c ] (1)
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Figure 1: The Multi Page Search process.

where t is the time step, X t
r and X t

ir are the relevant ranked docu-
ments and irrelevant ranked documents lists respectively, X t

c is the
remaining documents set.

Action A is taken by the agent to in�uence the state of the envi-
ronment. At each time step, the search engine selectsM documents
to construct the search result page. However, there are still an insur-
mountable number of possible rank lists, even if restrict the search
agent to only select M documents. To lower the computational
complexity of generating the search result page, we consider the
search engine select one document at a time. So, at the time step
t , at ∈ A(st ) represents to select a document xm(at ) ∈ X

t
c for the

ranking position t + 1, wherem(at ) is the index of the document
selected by at .

Transition T(S,A) is the dynamic of the environment, which
can be described as a function T : S × A → S which maps a
state st into a new state st+1 of the environment in response to
the selected action at . For multi page search, select a document
at means removing the document xm(at ) out of the candidate set.
And once the user clicks the ’next page’ button, the search engine
gains the judgements over the documents of current page. So the
transition function can be described by the following equation:

st+1 = T([t ,X
t
r ,X

t
ir,X

t
c ],at )

=

{
[t + 1,X t

r + {xr},X t
ir + {xir},X

t
c \ {xm(at )}] interaction

[t + 1,X t
r ,X

t
ir,X

t
c \ {xm(at )}] otherwise ,

(2)
where interaction means the user clicks the ’next page’ button. And
{xr} and {xir} is the rank list consisted by the relevant documents
and irrelevant documents of current page respectively.

Reward R(S,A) measures the in�uence to the environment by
the selected action. For multi page search, the reward should be
able to evaluate the quality of the chosen document. We design the
reward function on the basis of the IR evaluation measures, the
promotion of the DCG [3]:

RDCG(st ,at ) =

{
2ym(at ) − 1 t = 0
2ym(at )−1
log2(t+1)

t > 0 , (3)

where ym(at ) is the relevance label of the selected document.
Policy π (a |s) : A × S → [0, 1] describes the behaviors of the

agent, which is a probabilistic distribution over the possible actions.
We apply a soft-max policy which based on the Gibbs distribution,
which could be described as:

π (at |st ) =
exp { f (at , st )}∑

a∈A(st ) exp { f (at , st )}
, (4)

where f (at , st ) can be seen as a score function to each documents.
The details of this score function f (at , st ) will be described in the
next section.
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·<latexit sha1_base64="TLIdTs0AzYQ0FV877TCsMY98R+I=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokXPRZ68VjBfkAbymazaddusmF3IpTQ/+DFgyJe/T/e/Ddu2hy09cHA470ZZuYFqRQGXffb2djc2t7ZrexV9w8Oj45rJ6ddozLNeIcpqXQ/oIZLkfAOCpS8n2pO40DyXjBtFX7viWsjVPKAs5T7MR0nIhKMopW6QxYqrI5qdbfhLkDWiVeSOpRoj2pfw1CxLOYJMkmNGXhuin5ONQom+bw6zAxPKZvSMR9YmtCYGz9fXDsnl1YJSaS0rQTJQv09kdPYmFkc2M6Y4sSseoX4nzfIMLr1c5GkGfKELRdFmSSoSPE6CYXmDOXMEsq0sLcSNqGaMrQBFSF4qy+vk+51w3Mb3r1bb7bKOCpwDhdwBR7cQBPuoA0dYPAIz/AKb45yXpx352PZuuGUM2fwB87nDw5AjsM=</latexit><latexit sha1_base64="TLIdTs0AzYQ0FV877TCsMY98R+I=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokXPRZ68VjBfkAbymazaddusmF3IpTQ/+DFgyJe/T/e/Ddu2hy09cHA470ZZuYFqRQGXffb2djc2t7ZrexV9w8Oj45rJ6ddozLNeIcpqXQ/oIZLkfAOCpS8n2pO40DyXjBtFX7viWsjVPKAs5T7MR0nIhKMopW6QxYqrI5qdbfhLkDWiVeSOpRoj2pfw1CxLOYJMkmNGXhuin5ONQom+bw6zAxPKZvSMR9YmtCYGz9fXDsnl1YJSaS0rQTJQv09kdPYmFkc2M6Y4sSseoX4nzfIMLr1c5GkGfKELRdFmSSoSPE6CYXmDOXMEsq0sLcSNqGaMrQBFSF4qy+vk+51w3Mb3r1bb7bKOCpwDhdwBR7cQBPuoA0dYPAIz/AKb45yXpx352PZuuGUM2fwB87nDw5AjsM=</latexit><latexit sha1_base64="TLIdTs0AzYQ0FV877TCsMY98R+I=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokXPRZ68VjBfkAbymazaddusmF3IpTQ/+DFgyJe/T/e/Ddu2hy09cHA470ZZuYFqRQGXffb2djc2t7ZrexV9w8Oj45rJ6ddozLNeIcpqXQ/oIZLkfAOCpS8n2pO40DyXjBtFX7viWsjVPKAs5T7MR0nIhKMopW6QxYqrI5qdbfhLkDWiVeSOpRoj2pfw1CxLOYJMkmNGXhuin5ONQom+bw6zAxPKZvSMR9YmtCYGz9fXDsnl1YJSaS0rQTJQv09kdPYmFkc2M6Y4sSseoX4nzfIMLr1c5GkGfKELRdFmSSoSPE6CYXmDOXMEsq0sLcSNqGaMrQBFSF4qy+vk+51w3Mb3r1bb7bKOCpwDhdwBR7cQBPuoA0dYPAIz/AKb45yXpx352PZuuGUM2fwB87nDw5AjsM=</latexit><latexit sha1_base64="TLIdTs0AzYQ0FV877TCsMY98R+I=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokXPRZ68VjBfkAbymazaddusmF3IpTQ/+DFgyJe/T/e/Ddu2hy09cHA470ZZuYFqRQGXffb2djc2t7ZrexV9w8Oj45rJ6ddozLNeIcpqXQ/oIZLkfAOCpS8n2pO40DyXjBtFX7viWsjVPKAs5T7MR0nIhKMopW6QxYqrI5qdbfhLkDWiVeSOpRoj2pfw1CxLOYJMkmNGXhuin5ONQom+bw6zAxPKZvSMR9YmtCYGz9fXDsnl1YJSaS0rQTJQv09kdPYmFkc2M6Y4sSseoX4nzfIMLr1c5GkGfKELRdFmSSoSPE6CYXmDOXMEsq0sLcSNqGaMrQBFSF4qy+vk+51w3Mb3r1bb7bKOCpwDhdwBR7cQBPuoA0dYPAIz/AKb45yXpx352PZuuGUM2fwB87nDw5AjsM=</latexit>
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k xr
k

|PNr

k xr
k|

<latexit sha1_base64="OFRUekaXquJDk2xqDxZJwXtEcZ4=">AAACXXiclVFNTwIxFOyuX7iioh48eGkkJp7Irhc9knDxZDABIWFx0y1dbeh+pH1rIGX/pDe9+FfsAgkKXpykyWRmXvo6DTPBFbjuh2Vvbe/s7lX2nYPq4dFx7eT0SaW5pKxLU5HKfkgUEzxhXeAgWD+TjMShYL1w3Cr93huTiqdJB6YZG8bkJeERpwSMFNTAjwm8hpGeFM8d7EeSUO2rPA7Gz/oh0D6wCWhZFAVeBUtvZejZv/KzwnGCWt1tuHPgTeItSR0t0Q5q7/4opXnMEqCCKDXw3AyGmkjgVLDC8XPFMkLH5IUNDE1IzNRQz9sp8JVRRjhKpTkJ4Ln6c0KTWKlpHJpkubJa90rxL2+QQ3Q31DzJcmAJXVwU5QJDisuq8YhLRkFMDSFUcrMrpq/ENAzmQ8oSvPUnb5Knm4bnNrxHt95sLeuooAt0ia6Rh25RE92jNuoiij4tZO1bjvVl79hV+2gRta3lzBn6Bfv8G0JWuk8=</latexit><latexit sha1_base64="OFRUekaXquJDk2xqDxZJwXtEcZ4=">AAACXXiclVFNTwIxFOyuX7iioh48eGkkJp7Irhc9knDxZDABIWFx0y1dbeh+pH1rIGX/pDe9+FfsAgkKXpykyWRmXvo6DTPBFbjuh2Vvbe/s7lX2nYPq4dFx7eT0SaW5pKxLU5HKfkgUEzxhXeAgWD+TjMShYL1w3Cr93huTiqdJB6YZG8bkJeERpwSMFNTAjwm8hpGeFM8d7EeSUO2rPA7Gz/oh0D6wCWhZFAVeBUtvZejZv/KzwnGCWt1tuHPgTeItSR0t0Q5q7/4opXnMEqCCKDXw3AyGmkjgVLDC8XPFMkLH5IUNDE1IzNRQz9sp8JVRRjhKpTkJ4Ln6c0KTWKlpHJpkubJa90rxL2+QQ3Q31DzJcmAJXVwU5QJDisuq8YhLRkFMDSFUcrMrpq/ENAzmQ8oSvPUnb5Knm4bnNrxHt95sLeuooAt0ia6Rh25RE92jNuoiij4tZO1bjvVl79hV+2gRta3lzBn6Bfv8G0JWuk8=</latexit><latexit sha1_base64="OFRUekaXquJDk2xqDxZJwXtEcZ4=">AAACXXiclVFNTwIxFOyuX7iioh48eGkkJp7Irhc9knDxZDABIWFx0y1dbeh+pH1rIGX/pDe9+FfsAgkKXpykyWRmXvo6DTPBFbjuh2Vvbe/s7lX2nYPq4dFx7eT0SaW5pKxLU5HKfkgUEzxhXeAgWD+TjMShYL1w3Cr93huTiqdJB6YZG8bkJeERpwSMFNTAjwm8hpGeFM8d7EeSUO2rPA7Gz/oh0D6wCWhZFAVeBUtvZejZv/KzwnGCWt1tuHPgTeItSR0t0Q5q7/4opXnMEqCCKDXw3AyGmkjgVLDC8XPFMkLH5IUNDE1IzNRQz9sp8JVRRjhKpTkJ4Ln6c0KTWKlpHJpkubJa90rxL2+QQ3Q31DzJcmAJXVwU5QJDisuq8YhLRkFMDSFUcrMrpq/ENAzmQ8oSvPUnb5Knm4bnNrxHt95sLeuooAt0ia6Rh25RE92jNuoiij4tZO1bjvVl79hV+2gRta3lzBn6Bfv8G0JWuk8=</latexit><latexit sha1_base64="OFRUekaXquJDk2xqDxZJwXtEcZ4=">AAACXXiclVFNTwIxFOyuX7iioh48eGkkJp7Irhc9knDxZDABIWFx0y1dbeh+pH1rIGX/pDe9+FfsAgkKXpykyWRmXvo6DTPBFbjuh2Vvbe/s7lX2nYPq4dFx7eT0SaW5pKxLU5HKfkgUEzxhXeAgWD+TjMShYL1w3Cr93huTiqdJB6YZG8bkJeERpwSMFNTAjwm8hpGeFM8d7EeSUO2rPA7Gz/oh0D6wCWhZFAVeBUtvZejZv/KzwnGCWt1tuHPgTeItSR0t0Q5q7/4opXnMEqCCKDXw3AyGmkjgVLDC8XPFMkLH5IUNDE1IzNRQz9sp8JVRRjhKpTkJ4Ln6c0KTWKlpHJpkubJa90rxL2+QQ3Q31DzJcmAJXVwU5QJDisuq8YhLRkFMDSFUcrMrpq/ENAzmQ8oSvPUnb5Knm4bnNrxHt95sLeuooAt0ia6Rh25RE92jNuoiij4tZO1bjvVl79hV+2gRta3lzBn6Bfv8G0JWuk8=</latexit>

xT
PNir

k xir
k

|PNir
k xir

k |
<latexit sha1_base64="J211U5ZncQ3ASmUyahrJl8HYT38=">AAACYXiclVFNS8MwGE7r1G3qrHrcJTgET6P1okfBiydRcB+wbiXN0hmWfpC8lY3YP+nNixf/iOk2cG5efCHw8HyQN0/CTHAFrvth2TuV3b39aq1+cHjUOHZOTrsqzSVlHZqKVPZDopjgCesAB8H6mWQkDgXrhdO7Uu+9Mql4mjzDPGPDmEwSHnFKwFCBM/NjAi9hpGfF6Bn7kSRU+yqPg+lIPwTaBzYDzWVRFPjHWYprin77Z+KtqNcDp+W23cXgbeCtQAut5jFw3v1xSvOYJUAFUWrguRkMNZHAqWBF3c8VywidkgkbGJiQmKmhXjRU4AvDjHGUSnMSwAt2PaFJrNQ8Do2z3FltaiX5lzbIIboZap5kObCELi+KcoEhxWXdeMwloyDmBhAqudkV0xdiWgbzKWUJ3uaTt0H3qu25be/Ja93ereqooiY6R5fIQ9foFt2jR9RBFH1aFevIalhfds127NOl1bZWmTP0a+zmNxlqvBw=</latexit><latexit sha1_base64="J211U5ZncQ3ASmUyahrJl8HYT38=">AAACYXiclVFNS8MwGE7r1G3qrHrcJTgET6P1okfBiydRcB+wbiXN0hmWfpC8lY3YP+nNixf/iOk2cG5efCHw8HyQN0/CTHAFrvth2TuV3b39aq1+cHjUOHZOTrsqzSVlHZqKVPZDopjgCesAB8H6mWQkDgXrhdO7Uu+9Mql4mjzDPGPDmEwSHnFKwFCBM/NjAi9hpGfF6Bn7kSRU+yqPg+lIPwTaBzYDzWVRFPjHWYprin77Z+KtqNcDp+W23cXgbeCtQAut5jFw3v1xSvOYJUAFUWrguRkMNZHAqWBF3c8VywidkgkbGJiQmKmhXjRU4AvDjHGUSnMSwAt2PaFJrNQ8Do2z3FltaiX5lzbIIboZap5kObCELi+KcoEhxWXdeMwloyDmBhAqudkV0xdiWgbzKWUJ3uaTt0H3qu25be/Ja93ereqooiY6R5fIQ9foFt2jR9RBFH1aFevIalhfds127NOl1bZWmTP0a+zmNxlqvBw=</latexit><latexit sha1_base64="J211U5ZncQ3ASmUyahrJl8HYT38=">AAACYXiclVFNS8MwGE7r1G3qrHrcJTgET6P1okfBiydRcB+wbiXN0hmWfpC8lY3YP+nNixf/iOk2cG5efCHw8HyQN0/CTHAFrvth2TuV3b39aq1+cHjUOHZOTrsqzSVlHZqKVPZDopjgCesAB8H6mWQkDgXrhdO7Uu+9Mql4mjzDPGPDmEwSHnFKwFCBM/NjAi9hpGfF6Bn7kSRU+yqPg+lIPwTaBzYDzWVRFPjHWYprin77Z+KtqNcDp+W23cXgbeCtQAut5jFw3v1xSvOYJUAFUWrguRkMNZHAqWBF3c8VywidkgkbGJiQmKmhXjRU4AvDjHGUSnMSwAt2PaFJrNQ8Do2z3FltaiX5lzbIIboZap5kObCELi+KcoEhxWXdeMwloyDmBhAqudkV0xdiWgbzKWUJ3uaTt0H3qu25be/Ja93ereqooiY6R5fIQ9foFt2jR9RBFH1aFevIalhfds127NOl1bZWmTP0a+zmNxlqvBw=</latexit><latexit sha1_base64="J211U5ZncQ3ASmUyahrJl8HYT38=">AAACYXiclVFNS8MwGE7r1G3qrHrcJTgET6P1okfBiydRcB+wbiXN0hmWfpC8lY3YP+nNixf/iOk2cG5efCHw8HyQN0/CTHAFrvth2TuV3b39aq1+cHjUOHZOTrsqzSVlHZqKVPZDopjgCesAB8H6mWQkDgXrhdO7Uu+9Mql4mjzDPGPDmEwSHnFKwFCBM/NjAi9hpGfF6Bn7kSRU+yqPg+lIPwTaBzYDzWVRFPjHWYprin77Z+KtqNcDp+W23cXgbeCtQAut5jFw3v1xSvOYJUAFUWrguRkMNZHAqWBF3c8VywidkgkbGJiQmKmhXjRU4AvDjHGUSnMSwAt2PaFJrNQ8Do2z3FltaiX5lzbIIboZap5kObCELi+KcoEhxWXdeMwloyDmBhAqudkV0xdiWgbzKWUJ3uaTt0H3qu25be/Ja93ereqooiY6R5fIQ9foFt2jR9RBFH1aFevIalhfds127NOl1bZWmTP0a+zmNxlqvBw=</latexit>

+
<latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit>

+
<latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit><latexit sha1_base64="13uYDxgX3EBX4RalW3Z1t7ESa7A=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBZBEEriRY+FXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dkobm1vbO+Vdd2//4PCocnzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBNOGnO/88S1EYl6xGnKg5iOlIgEo2ilhyvXHVSqXs1bgKwTvyBVKNAcVL76w4RlMVfIJDWm53spBjnVKJjkM7efGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU1nHoK/+vI6aV/XfK/m33vVeqOIowxncA6X4MMN1OEOmtACBiN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/2QyM1A==</latexit>

xT q
<latexit sha1_base64="F4Wrmkprqx9NX+RjtBuc6IxuG20=">AAAB63icbVA9T8MwEL2Ur1K+AowsFhUSU5WwwFipC2OR+iW1oXJcp7VqO8F2EFXUv8DCAEKs/CE2/g1OmwFannTS03t3ursXJpxp43nfTmljc2t7p7xb2ds/ODxyj086Ok4VoW0S81j1QqwpZ5K2DTOc9hJFsQg57YbTRu53H6nSLJYtM0toIPBYsogRbHLp6b71MHSrXs1bAK0TvyBVKNAcul+DUUxSQaUhHGvd973EBBlWhhFO55VBqmmCyRSPad9SiQXVQba4dY4urDJCUaxsSYMW6u+JDAutZyK0nQKbiV71cvE/r5+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCv/ryOulc1Xyv5t951XqjiKMMZ3AOl+DDNdThFprQBgITeIZXeHOE8+K8Ox/L1pJTzJzCHzifPw+pjjo=</latexit><latexit sha1_base64="F4Wrmkprqx9NX+RjtBuc6IxuG20=">AAAB63icbVA9T8MwEL2Ur1K+AowsFhUSU5WwwFipC2OR+iW1oXJcp7VqO8F2EFXUv8DCAEKs/CE2/g1OmwFannTS03t3ursXJpxp43nfTmljc2t7p7xb2ds/ODxyj086Ok4VoW0S81j1QqwpZ5K2DTOc9hJFsQg57YbTRu53H6nSLJYtM0toIPBYsogRbHLp6b71MHSrXs1bAK0TvyBVKNAcul+DUUxSQaUhHGvd973EBBlWhhFO55VBqmmCyRSPad9SiQXVQba4dY4urDJCUaxsSYMW6u+JDAutZyK0nQKbiV71cvE/r5+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCv/ryOulc1Xyv5t951XqjiKMMZ3AOl+DDNdThFprQBgITeIZXeHOE8+K8Ox/L1pJTzJzCHzifPw+pjjo=</latexit><latexit sha1_base64="F4Wrmkprqx9NX+RjtBuc6IxuG20=">AAAB63icbVA9T8MwEL2Ur1K+AowsFhUSU5WwwFipC2OR+iW1oXJcp7VqO8F2EFXUv8DCAEKs/CE2/g1OmwFannTS03t3ursXJpxp43nfTmljc2t7p7xb2ds/ODxyj086Ok4VoW0S81j1QqwpZ5K2DTOc9hJFsQg57YbTRu53H6nSLJYtM0toIPBYsogRbHLp6b71MHSrXs1bAK0TvyBVKNAcul+DUUxSQaUhHGvd973EBBlWhhFO55VBqmmCyRSPad9SiQXVQba4dY4urDJCUaxsSYMW6u+JDAutZyK0nQKbiV71cvE/r5+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCv/ryOulc1Xyv5t951XqjiKMMZ3AOl+DDNdThFprQBgITeIZXeHOE8+K8Ox/L1pJTzJzCHzifPw+pjjo=</latexit><latexit sha1_base64="F4Wrmkprqx9NX+RjtBuc6IxuG20=">AAAB63icbVA9T8MwEL2Ur1K+AowsFhUSU5WwwFipC2OR+iW1oXJcp7VqO8F2EFXUv8DCAEKs/CE2/g1OmwFannTS03t3ursXJpxp43nfTmljc2t7p7xb2ds/ODxyj086Ok4VoW0S81j1QqwpZ5K2DTOc9hJFsQg57YbTRu53H6nSLJYtM0toIPBYsogRbHLp6b71MHSrXs1bAK0TvyBVKNAcul+DUUxSQaUhHGvd973EBBlWhhFO55VBqmmCyRSPad9SiQXVQba4dY4urDJCUaxsSYMW6u+JDAutZyK0nQKbiV71cvE/r5+a6CbImExSQyVZLopSjkyM8sfRiClKDJ9Zgoli9lZEJlhhYmw8FRuCv/ryOulc1Xyv5t951XqjiKMMZ3AOl+DDNdThFprQBgITeIZXeHOE8+K8Ox/L1pJTzJzCHzifPw+pjjo=</latexit>

Figure 2: The framework for Multi-Page Search.
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Figure 3: Calculate the coe�cient β .

3.2 Involve the feedback
Relevant feedback technology has been proved can e�ectively im-
prove the rank accuracy. For example, the well known Rocchio
algorithm [11, 12] uses explicit feedback to improve the user’s
query. The formula and variable de�nitions de�ned as:

Qi+1 = αQi + β
∑
rel

Di
|Di |
− γ

∑
irrel

Di
|Di |

(5)

where, Qi is the i-th iteration queries, and Di represents the docu-
ment which has been delivered to the user.

Inspired by Rocchio algorithm, we try to improve the tradi-
tional learning to rank method based on the relevance feedback
technology. In traditional learning to rank settings [9] , the data
is represented as {qn,Xn,Y n }Nn=1 , where X (n)=

{
x(n)1 , · · · ,x(n)Mn

}
is the

query-document feature set for query qn , Y (n)=
{
y (n)1 , · · · ,y (n)Mn

}
is the

relevance label set, and Mn is the number of the candidate docu-
ments. The learning to rank methods aim to learn a score function
f (x), which is used to compute the relevant score for each candi-
date document. The search result rank list is generated by sorting
the candidate documents by these scores. We try to adopt Rocchio
style algorithm to update the score of the remaining documents
based on the user click feedback information from previous pages.

fnew(x) = f (x) + β · xT
∑
xrel

|
∑
xrel |

+ γ · xT
∑
xirrel

|
∑
xirrel |

(6)

where xrel and xirrel represent the query-document feature of the
relevant ranked document and irrelevant document respectively.

As equation 6 shown, the score of a remaining document is
formed by three part. The �rst part computes the score based on
the traditional learning to rank model, which learned by traditional
learning to rank method. The second part, measures the in�uence
from the relevant ranked documents, and the third part, measures
the in�uence from the irrelevant ranked documents. Note that the
normalization procedure ensures the equal emphasis of the impact
from relevant ranked documents and irrelevant ranked documents.

The parameters, β and γ , are set to describe the in�uence from
the relevant ranked documents and irrelevant documents. In this
paper, we apply an recurrent neural network (RNN) to represent
the ranked documents and calculate the parameters based on these

Algorithm 1 MDP for Multi Page Rank
Input: Labeled training set D = {(q(n), X (n), Y (n))}Nn=1 , learning rate η, discount

factor γ̂ , reward function R ,
Output: The model parameters Θ =

{
Wrel
input,W

rel
RNN,wrel

out,W
irrel
input,W

irrel
RNN,wirrel

out

}
1: Initialize the parameters Θ← random values
2: for epoch = 1, 2, 3, · · · do
3: ∆Θ = 0
4: for each query q do
5: Select topM documents from the candidate document set XC to construct

a rank list {x}.
6: The user bowsers the rank list, click the relevant documents {xrel } and

skips the irrelevant documents {xirrel }.
7: Initialize s0 ← [0, {xrel }, {xirrel }, XC \ {x}], and episode E ← ∅
8: for i = 0 to T do
9: for t = i ∗M + 1 to (i + 1) ∗M do
10: Sample an action at ∈ A(st ) ∼ π (at |st ;w)
11: Calculate the reward rt+1 ← R(st , at )
12: Append (st , at , rt+1) at the end of the episode
13: if mod(t, M ) == 0 then
14: Transit state by the relevant documents {xrel } and the irrelevant

documents {xirrel } on current page.
st+1 ←

[
t+1,XMr +{xir},XM

ir +{xirrel},X
tc \{xm(at ) }

]
15: else
16: State transition st+1 ←

[
t+1,XMr ,XM

ir ,Xtc \{xm(at ) }
]

17: end if
18: end for
19: end for
20: for t = 0 to (t + 1) ∗M do
21: Gt ←

∑(t+1)∗M
k=t γ̂ k−t rt

22: ∆Θ← ∆Θ + ηγ̂ t−1Gt ∇Θ log π (at |st ;Θ)
23: end for
24: end for
25: Update the model parameter Θ← Θ + η∆Θ
26: end for
27: return w

represents. Figure 3 shows the details about how to calculate the
parameter β based on the relevant ranked documents.

ht+1 = σ
(
Wrel

imputxm(at ) +W
rel
RNNht

)
β =Wrel

outhNrel

(7)

where Nrel is the total number of the relevant ranked documents.
The parameter γ is calculated in a similar way.

3.3 Learning with Policy Gradient
In this paper, we calculate the parameter β and γ dynamically on

the basis of the relevant ranked documents and irrelevant ranked
documents. The parameters of our model can be represented as:

Θ =
{
Wrel

input,W
rel
RNN,w

rel
out,W

irrel
input,W

irrel
RNN,w

irrel
out

}
(8)

The policy gradient method [13, 14] is used to learn the pa-
rameters with the objective to maximize the expected discount
cumulative reward, which de�ned as:

L(Θ) = EE∼π [
M ·T∑
k=1

γ̂k−1rk ]. (9)

where E is the ranking list sampled by the search engine based on
current policy π ,M is the number of the documents per search page,
T is the number of interaction between the user the search engine,
γ̂ is the discount rate which set as 1 to guarantee the consistency
over the objective and IR measure metric.

According to REINFORCE algorithm, the gradient can be
∇ΘL(Θ) = γ̂

tGt∇Θ logπΘ(at |st ;Θ), (10)
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Table 1: Ranking accuracies based on ListNet.
Method NDCG@1 NDCG@10 NDCG@15 NDCG@20
ListNet 0.4943 0.4438 0.4383 0.4401
Rocchio 0.4943 0.4438 0.4419 0.4405

MDP-MPS 0.4943 0.4438 0.4436 0.4453

Table 2: Ranking accuracies based on RankBoost.
Method NDCG@1 NDCG@10 NDCG@15 NDCG@20

RankBoost 0.5199 0.4521 0.4440 0.4449
Rocchio 0.5199 0.4521 0.4438 0.4359

MDP-MPS 0.5199 0.4521 0.4459 0.4452

Table 3: Ranking accuracies based on RankNet.
Method NDCG@1 NDCG@10 NDCG@15 NDCG@20
RankNet 0.5039 0.4347 0.4305 0.4335
Rocchio 0.5039 0.4347 0.4345 0.4335

MDP-MPS 0.5039 0.4347 0.4365 0.4358

which is further be estimated with Monte-Carlo sampling. Algo-
rithm 1 shows the procedure of optimize the parameters. At each
iteration, an episode is sampled according to current policy. Then,
at each time step t of the sampled episode, the model parame-
ters are adjusted according to the gradients of the parameters
∇Θ logπ (at |st ;Θ), scaled by the step size η, the discount rate γ̂ t ,
and the long-term return of the sampled episode starting from
position t , denoted as Gt : Gt =

∑M ·T
k=t γ̂k−t rt .

4 EXPERIMENTS
We simulate the user’s interaction by an evaluation setup proposed
in [5]. This setup combine datasets with explicit relevance judge-
ments that are typically used for supervised learning to rank with
recently developed click models. This click model is based on the
Dependent Click Model (DCM), a generalization of the cascade
model. The model posits that users travers result lists from top to
button, examining each document as it is encountered. We use the
perfect model, where all relevant documents are clicked and no
non-relevant documents are clicked.

The experiments are constructed over the learning to rank dataset
"OHSUMED". We take the classical learning to rank methods List-
Net [2] RankNet [1] and RankBoost [4] as the initial methods and
setM = 10 as it provides reasonable and meaningful results within
the scope of our test data set and is re�ective of actual search sys-
tem. The grid search strategy is applied to �nd the best parameters
β ∈ [−5, 5] and γ ∈ [−5, 5] based on the validation data set.

The table 1 and 2 give us the experiment results of our method
as take the ListNet and RankBoost as the initial learning to rank
model representatively. And the boldface indicates the highest score
among all runs. From the results, we can see that our methods can
outperform the Rocchio algorithm in both ListNet and RankBoost.
It should note that, Rocchio algorithm would decrease the perfor-
mance of the initial RankBoost method, as for di�erent queries
satisfy di�erent balance coe�cient. However, our method MDP-
MPS gain a commensurate performance, which mean our method
has better generalization ability.

5 CONCLUSION
The paper formulates the ranking process in multi page search as an
Markov Decision Process and optimizes the model parameters with
policy gradient. Speci�cally, on the basis of a traditional learning

to rank model, the traditional relevance feedback model Rocchio
is used to adapt it for the task of multi page search in which a
Recurrent Neural Network is used to represent the user feedback
information. Experimental results based on the OHSUMED dataset
showed that the proposed MDP-MPS model, initialized with the
document ranking generated by ListNet and RankBoost, can outper-
formed the corresponding baselines, respectively. The experimental
results showed the e�ectiveness of MDP-MPS for multi page search.
The results also showed that MDP-MPS has better generalization
ability in the multi page search task.
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