






















































































reasons: (a) there is a mismatch between the granularity of data representation and the task
specification; (b) there is little agreement about how to specify general retrieval tasks; (c) the
amount of data is too large for exhaustively searching it. Our hypothesis is that the structure
that exists in electronic data at various levels of detail embodies implicit representational con-
ventions, and that smart filters composed of structure detectors and segmenters that use this
structure are a suitable computational paradigm for organizing the search for information.

The key technical challenge is association of content with information. By this we mean,
finding structural cues or substitutes for semantic information at different levels of detail. To
do this, we need a formal framework for analyzing what information is necessary for performing
a task. Such a framework, based on the notion of information invariants, has been discussed
in the robotics context by [Don, DJR] and in the theoretical literature by [BK].

Our long-term goal is to computationally characterize methods such as statistics over char-
acter sequences [SM, PNJ, statistics over word occurrence, layout and geometry, and other
notions of structure with respect to information content. There are many important questions
that arise in the context of structure-based information retrieval.

¢ For a given class of ICA tasks and data repositories, what are the appropriate structural
cues?

e What information is encoded by a given structure?
¢ What class of partial models can be constructed with a given segmenter?
e Given an agent what class of ICA tasks is it good for?

e Can we define a computational hierarchy of ICA tasks? That is, is there an order relation
on the information necessary to solve various classes of tasks?

We advocate modular construction of smart filters from libraries of structure detectors and
segmenters. These detectors and segmenters come with performance guarantees. For instance,
the table detector can detect tabular information to within user-specified tolerance in row and
column misalignments. Our scheme is suited for fast prototyping of customized information
agents.

Our design philosophy is orthogonal to the philosophy behind large, general-purpose sys-
tems like Wais, Archie, and Gopher. When is this design methodology more appropriate than
others? To answer this question, we need a theoretical basis for characterizing ICA tasks and
for measuring the effectiveness of alternate architectures on task classes. The notion of struc-
ture introduced in this paper is a first step toward characterizing tasks in an implementation-
independent manner. We constructed a smart filter for the class of retrieval tasks whose answers
can be found in tabular form. We used this filter to build a search engine for compiling stock
reports and for finding precision-recall measures. Qur current implementations of this engine
have been tested on Internet newsgroups, Internet ftp sites, and on the CS-TR project.!® We
would like to provide our tools for smart filter construction to a much larger body of users and
gather feedback.

Several criticisms can be levied against this task-directed information agent approach to
ICA tasks.

13 The CS-TR project, a nation-wide effort to create an electronic library of computer science reports.
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1. Task specification: at what level of detail do we need to specify tasks? To specify a
task we need to describe the desired information at at a detailed enough level that an
agent can locate and retrieve it from the environment. An analogy helps in clarifying
issues in task specification. Suppose you want your maid to match all the socks in your
laundry. You will probably tell her to “match the socks and put them away in my sock
drawer”. Now what does she have to know to do this? First, she needs to know that
socks come in pairs and matching them means finding all pairs. Next, she needs to know
where the Jaundry is in your apartment, and where socks are likely to be found (in the
dryer, washer, under the bed, under the sofa cushions, in the fish tank, etc.). These
constitute task-specific knowledge that the maid needs to accomplish the task. Some
of the knowledge is essential to perform the task correctly and others aid in efficient
accomplishment of the task. If your maid doesn’t know what matching socks means, she
will be unable to perform the task at all. If she doesn’t know preferred locations of socks
in your apartment, it will probably take her longer to do the task. It is useful to think of
information agents as electronic maids; these agents give us sanitized views of information
worlds. They accomplish important, routine tasks that we need done, but don’t have the
patience to do.

2. Matching structures to tasks: how can we identify structures relevant to a task? To design
information agents we need to identify structures in the environment that can lead us to
the required information for solving the task. These structures exist because humans
use and design conventions for representing information. For instance, type setting rules
embodied in TeX have standardized the visual appearance of technical papers. Structure
can thus be used as a cue for task-level (semantic) content. Can one match structures to
tasks in a general way, or is it going to reduce to 1001 special cases? Since this matching
relies fundamentally on conventions for representing information — this question translates
to one of characterizing these conventions. Such a characterization is outside the scope
of this paper. Our hope is that as we construct more agents in our testbed environment
of scanned technical reports, we will identify patterns in matching structures to tasks.

3. Scale up: This approach may be good for simple ICA tasks, but does it work for more
complex tasks? In our framework, task complexity is characterized by how well under-
stood the mapping between task and environmental structures is. We can view structure
detectors as bandpass filters which extract information within specific frequency ranges.
A library of structure detectors pulls out different bands of interest. Our library contains
parametric structure detectors and corresponding segmenters for commonly occurring
patterns in the data environment. We have demonstrated their use in the construction
of agents for two useful task classes. Problems caused by heterogeneity and noise in data
are solved by our approach. However ill-specified tasks still present a challenge.'* OQur
focus in this paper has been to expand the class of tasks that can be solved to beyond
those specified by keywords. Our approach supports the scaling of task classes to those

' Consider, for instance, John Hopcroft’s test for a conceptual retrieval system “how does the Brown Computer
Science Department’s research budget compare with that of Cornell’s”? Where is this information to be found?
What are suitable indicators for this metric (other than the research budget itself)? This query highlights the
fact that there is a tlemendous amount of information about the environment that the dengner needs to know
upfront in order to solve information retrieval tasks.
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specifiable and solvable by geometric or visual cues.

4. Solution Complexity: When word-based indices work impressively well, why do we need
high-level structures to extract information? vWe do not suggest the supplanting of
existing word-based methods by our structure based techniques; rather, we envision their
synergistic combination to provide rapid filtering in large text environments. For example,
the ability to recognize the logical and layout structure of documents provides automatic
support for the SGML-like markup of documents that text retrievers like SMART require.
For non-text environments, structures based on geometry and other domains are necessary
for content-directed retrieval of information.

We recognize that issues relating to how users specify structures associated with tasks, and
the development of a broad query language, are important to make the agent approach
user friendly, and its use wide spread. We hope that this paper will provide inspiration
for such investigations.

In the end, how well our approach performs is an empirical question. Whether users of
the information super highway prefer to build their own hot rods with a structure detector
and segmenter kit, or take public transportation that serves all uniformly'®, will ultimately be
judged by history.

Acknowledgements

We thank John Hopcroft for proposing the problem of information capture and access, and for
his guidance and support. Special thanks to James Allan and K. Sivaramakrishnan for their
careful reading of an earlier draft. Thanks go to Jim Davis, Bruce Donald, Dean Krafft, T.V.
Raman, Jonathan Rees, Matthew Scott, Kristen Summers, and Rich Zippel for enlightening
discussions. We are also very grateful to the anonymous reviewers for carefully reading earlier
drafts and for making suggestions that helped us improve the paper considerably.

Daniela Rus has been supported by the Advanced Research Projects Agency of the Defense
Department under ONR Contract N00014-92-J-1989, by ONR Contract N00014-92-J-39, and
by NSF Contract IRI-9006137. Devika Subramanian has been supported by NSF Contract
IRI-8902721. This work was also supported in part by the Advanced Research Projects Agency
under Grant No. MDA972-92-J-1029 with the Corporation for National Research Initiatives
(CNRI). Its content does not necessarily reflect the position or the policy of the Government
or CNRI, and no official endorsement should be inferred.

References

[AS] J. Allan and G. Salton, The identification of text relations using automatic hypertext
linking, in the Workshop on Intelligent Hypertext, the ACM Conference on Information
Knowledge Management, November 1993.

[BDG] J. L. Balcizar, J. Dfaz, and J. Gabarré, Structural Complexity I, Springer-Verlag, 1992.

%at the lowest common denominator over usages

31



[Bel] N. Belkin and W. Croft, Information filtering and information retrieval: two sides of the
same coin?, Communications of the ACM, vol. 35(12), pp. 29-38, 1992.

[BK] M. Blum and D. Kozen, On the power of the compass (or, why mazes are easier to search
than graphs), in Proceedings of the Symposium on Foundations of Computer Science, pp
132-142, 1978.

[Brol] R. Brooks, Elephants don’t play chess, Design of Autonomous Agents, ed. P. Maes,
MIT/Elsevier, 1990.

[Bro2] R. Brooks, A robust layered control system for a mobile robot, IEEE Journal of Robotics
and Automation, 1986.

[CG] J. Canny and K. Goldberg, A “RISC” Paradigm for Industrial Robotics, to appear,
Proceedings of the International Conference on Robotics and Automation, 1993.

[Cate] V. Cate, Alex: a global file system, in Proceedings of the Useniz Conference on File
Systems, 1992.

[CRD] P. Crean, C. Russell, and M. V. Dellon, Overview and Programming Guide to the Mind
Image Management Systems, Xerox Technical Report X9000627, 1991.

[DL] J. Davis and C. Lagoze, Drop-in publishing with the World-Wide Web, in Proceedings
of the Second International WWW Conference, pg 749-758, 1994.

[Don] B. Donald, Information Invariants in Robotics, to appear, Artificial Intelligence.

[DJ] B. Donald and J. Jennings, Constructive recognizability for task-directed robot program-
ming, Journal of Robotics and Autonomous Systems, 9(1), 1992.

[DJR] B. Donald; J. Jennings, and D. Rus, Information Invariants for Cooperating Autonomous
Mobile Robots, in Proceedings of the International Symposium on Robotics Research,
1993.

[EW] O. Etzioni and D. Weld, A softbot-based interface to the Internet, in Communications
of the ACM, vol. 37, no. 7, pg 72-76, 1994.

[FNK] H. Fujisawa, Y. Nakano, and K. Kurino, Segmentation methods for character recogni-
tion: from segmentation to document structure analysis, Proceedings of the IEEFE, vol.
80, no. 7, 1992.

[GK] M. Genesereth, S. Ketchpel, Software agents, in Communications of the ACM, vol. 37,
no. 7, pg 48-53, 1994.

[GGT] L. Gravano, H. Garcia-Molina, and A. Tomasic, The Efficacy of GIOSS for the Text
Database Discovery Problen\i? Technical Report no. STAN-CS-TN-93-01, Computer Sci-
ence Department, Stanford University, 1993.

[Gra] R. Gray, Transpf(')rt&ble Agents, Technical Report PCS-TRY5-261, Department of Com-
puter Science, Dartmouth College, 1995.

32



[HP] M. Hearst and C. Plaunt, Subtopic Structuring for Full-Length Document Access, in
Proceedings of the Sizteenth Annual International ACM SIGIR Conference on Research
and Development in Information Retrieval, pg. 59-68, 1993.

[HU] J. Hopcroft and J. Ullman, Introduction to Automata Theory, Languages, and Compu-
tation, Addison-Wesley, 1979. :

[HKR] D. Huttenlocher, G. Klanderman, and W. Rucklidge, Comparing images using the Haus-
dorff distance, to appear, IFEE Transactions on Pattern Analysis and Machine Intelli-
gence.

[HNR] D. Huttenlocher, J. Noh, and W. Rucklidge, Tracking non-rigid objects in complex
gcenes, Cornell University Technical Report TR92-1320, 1992.

[JB] A. Jain and S. Bhattacharjee, Address block location on envelopes using Gabor filters,
Pattern Recognition, vol. 25, no. 12, 1992.

[JR] J. Jennings and D. Rus, Active model acquisition for near-sensorless manipulation with
mobile robots, in Proceedings of the IASTED Conference on Robotics and Automation,
1993.

[Kah] B. Kahle, Overview of Wide Area Information Servers, WAIS on-line documentation,
1991.

[KC] R. Kahn and V. Cerf, The World of Knowbots, report to the Corporation for National
Research Initiative, Arlington, VA 1988.

[KSC] H. Kautz, B. Selman, and M. Coen, Bottom-up design of software agents, in Communi-
cations of the ACM, vol 37, no. 7, pg 143-145, 1994.

[KF] H. Kucera and W. Francis, Computational Analysis of Present Day American English,
Brown University Press, Providence, RI, 1967.

[Les] M. Lesk, The CORE electronic chemistry library, Pfoceedings of the SIGIR, 1991.

[LR] C. Lewis and D. Rus, Robust table recognition and extraction, forthcoming technical
report, Cornell University.

[Mae] P. Maes, Agents that reduce work and information overload, in Communications of the
ACM, vol 37, no. 7, pg 31-40, 1994.

[MCFMZ] T. Mitchell, R. Caruana, D. Freitag, J. McDermott, and D. Zabowski, Experience
with a learning personal assistant, in Communications of the ACM, vol 37, no. 7, pg
81-91, 1994.

[MT*] M. Mizuno, Y. Tsuji, T. Tanaka, H. Tanaka, M. Iwashita, and T. Temma, Document
recognition system with layout structure generator, NEC' Research and Development,
vol. 32, no. 3, 1991.

[Mun] J. Munkres, Topology: A First Course, Prentice Hall, 1975.

33



[NSV] G. Nagy, S. Seth, and M. Vishwanathan, A prototype document image analysis system
for technical journals, Computer, vol. 25, no. 7, 1992.

[PN] C. Pearce and C. Nicholas, Generating a dynamic hypertext environment with n-gram
analysis, in Proceedings of the ACM Conference on Information Knowledge Management,
pp. 148-153, 1993.

[Rob] S. Robertson, The methodology of information retrieval experiment, Information Re-
trieval Fzperiment, in K. Sparck Jones, Ed., pp 9-31, Butterworths, 1981.

[RCM] G. Robertson, S. Card, and J. Mackinlay, Information visualization using 3D interactive
animation, in Communications of the ACM, Vol. 36, No. 4, pg 57070, 1993.

[RSa] D. Rus and D. Subramanian, Multi-media RISSC Informatics: Retrieving Information
with Simple Structural Components, in Proceedings of the ACM Conference on Infor-
mation and Knowledge Management, Nov. 1993.

[RSb] D. Rus and K. Summers, Using whitespace for automated document structuring, in eds.
eds. N. Adam, B. Bhargava, and Y. Yesha Advances in digital libraries, Springer-Verlag,
Lecture Notes in Computer Science, to appear, 1995.

[SM] G. Salton and M. McGill, Introduction to Modern Information Retrieval, McGraw-Hill,
New York, 1983.

[SB] G. Salton and C. Buckley, Improving retrieval performance by relevance feedback, Jour-
nal of American Society for Information Science, vol. 41(4), pp. 288-297, 1990.

[Sal] G. Salton, Automatic Text Processing: the transformation, analysis, and retrieval of
information by computer, Addison-Wesley, 1989.

[SK] D. Sankoff and J. Kruskal, Time warps, string edits, and macromolecules: the theory
and practice of sequence comparison, Addison-Wesley, 1983.

[ST] M. Schwartz and P. Tsirigotis, Experience with a Semantically Cognizant Internet White
Pages Directory Tool, Journal of Internetworking Research and Fzperience, March 1991.

[SEKN] M. Schwartz, A. Emtage, B. Kahié, and B. Neuman, A comparison of Internet discovery
approaches, Computer Systems, 5(4), 1992.

[TSKK] Y. Tanosaki, K. Suzuki, K. Kikuyéhi, and M. Kurihara, A logical structure analysis sys-
tem for documents, Proceedings of the second international symposium on interoperable
information systems, 1988,

[TA] S. Tsujimoto and H. Asada, Major components of a complete text reading system, in
Proceedings of the IEEE, vol. 80, no. 7, 1992.

[WS] D. Wang and S. Srihari, Classification of newspaper image blocks using texture analysis,
Computer Vision, Graphics, and Image Processing, vol. 47, 19889.

[WCW] K. Wong, R. Casey, and F. Wahl, Document Analysis System, IBM Journal of Research
and Development, vol. 26, no. 6, 1982.

34



[Splus] User Manual, Splus Reference Manual, Statistical Sciences,Inc.,Seattle,Washington,
1991.

[CACMO93] Communications of the ACM, vol. 36, no. 4, 1994.

35





