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My research interests broadly lie in the design and analysis of algorithms and data structures.
My doctoral work focused on employing amortization as a tool to design efficient solutions for
fundamental data structuring problems. In the past year, I have taken an interest in information
retrieval. My current work focuses on algorithmic problems arising in information retrieval, cacheefficient algorithm design, and dynamic graph algorithms. Below, I will give a summary of my past
and current research.
Distributed Index Maintenance
The query processing performance of search engines is very closely tied to user retention and revenue
per user. It has been reported by Google that the injection of a 400 millisecond delay in search
results caused a 0.6% drop in searches per user after just 4-6 weeks [9]. Even after the delay was
removed, these users performed 0.21% less searches in the following 5 weeks. Bing reports a 1.2%
loss in revenue per user with a 500 millisecond delay [54]. In this work, we focus on the efficient
maintenance of the ubiquitous inverted index data structure used in search engines for answering
queries.
A search engine query takes as input a sequence of terms (the query) and returns a set of
documents from a collection. An inverted index of a collection of documents (where each document
is a sequence of terms) stores for each term appearing in the collection a list of identifiers for
documents containing the term. Each document is identified by a unique integer (docID). A query
processing algorithm can then use such a list to locate the documents containing a term.
In order to save space, the lists are compressed. Better compression of the lists translates to
better query processing speed due to the reduced cache misses during query processing. A common
approach for improving the compression ratio is to make the lists more compressible by reordering
the docIDs [5, 23].
Reordering methods have received a lot of attention in the past decade and there is a diverse
set of reordering methods developed in the literature [3, 5, 6, 15, 16, 23, 28, 43, 44, 47–49, 51, 56, 62].
However, most of these methods are not scalable. Ding et al. [23] use graph sparsification to
engineer scalable variants of TSP-based methods, which determine a reordering by computing a
TSP-tour of a graph defined on the documents in the collection where the edges represent the
similarity between documents. TSP-based approaches do not appear to be the most natural choice
for this problem considering TSP is inapproximable and the sparsification process degrades the
quality of the solution further.
The effects of reordering are not limited to improved compression as many reordering schemes
also reduce the average number of atomic operations performed during query processing. In ongoing
work, I am exploring the use of tools we developed for biased skip lists for mergeable dictionaries [40]
and approximations of alternate graph problems better suited for block compressed lists to design
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new reordering schemes that exploit the relationship between reordering and number of operations
performed in order to find improved tradeoffs between space and query processing time.
Web-scale document collections are often dynamic and too large to fit on a single machine.
We study the online version of the index maintenance problem in the distributed setting where
documents arrive one at a time and have to be routed to one of the available machines. That
machine then inserts the document into its inverted index. Each machine may also reorder parts of
its inverted index from time to time. In this setting, in addition to space and query time, we care
about the time it takes to insert a document into the collection, the time spent for reordering parts
of indices if any, as well as load balancing of both documents and queries. Degrading document load
balancing often improves compression ratio. Our goal is to design systems with good compression
ratio without sacrificing load balancing.
It is common practice to route incoming documents randomly or based on their url (source-based
routing) [46]. Recently, Lavee et al. [47] introduced a greedy routing scheme which outperforms
both random routing and source-based routing in terms of compression ratio. In order to deal
with load balancing issues, the choices of the routing algorithm are restricted when load becomes
unbalanced, significantly degrading the compression ratio. These solutions do not utilize reordering
of the index and append new documents to the end of the index (docID of the new document is
inserted to the end of the appropriate lists).
Instead of altering the routing algorithm, load balancing with respect to space can be achieved
via replication by maintaining multiple shards at each machine and distributing the replicas of
shards to carefully chosen machines. For load balancing with respect to queries, multiple copies
of a shard can be forwarded a query based on the current query load on each machine in order
to reduce latencies. It is also interesting to design schemes which minimize the average cost of
running a query or maximize the throughput of the system given the average query processing
times and processing capacity of each machine. I address a similar optimization problem in [33].
Using replication to handle load balancing allows the routing scheme to be freed of load balancing
concerns.
The dynamic nature of the document collection precludes a perfectly reordered index. In ongoing
work, we introduce a framework that reorders parts of the index based on query and update
frequencies.
I am currently exploring new greedy schemes which utilize more robust score functions and
compression algorithms that work well together. The routing step essentially mimics a clustering
method improving the performance of the reordering method. Thus, it is beneficial in terms of
compression for the routing scheme, the reordering algorithm, and the compression scheme to
complement each other. In the setting where reordering is not feasible, I am exploring the feasibility
of allowing documents to be inserted in the middle of lists as opposed to the end. This approach will
benefit from new developments in maintaining dynamic compressed arrays in the external memory
model.
I am also interested in making greedy routing schemes scalable via weighted sampling. It is
not clear how to assign such weights optimally. I am exploring using machine learning techniques
to determine the score functions dynamically based on properties of the current distribution of
the document collection. Speeding up the routing step via LSH-type hashing techniques is also
interesting but this approach would benefit from the use of a more appropriate similarity measure
than Jaccard similarity or intersection size.
Lastly, the index maintenance problem, as with many systems of similar scope, presents an
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interesting set of cache efficiency issues. Using cache-efficient hierarchical structures to improve
query processing speed, or to insert documents at locations other than the end of the index requires
the development of cache-efficient data structures that work with block compressed data. This is
related to my work on cache-oblivious data structures.
Cache-friendly algorithms
There is a wealth of literature on the design of cache-friendly data structures and algorithms. Two
of the most well-established models are the I/O model [1] and the cache-oblivious model [31].
My work on persistence in the cache-oblivious model was the recipient of the best paper award at
the 22nd Annual European Symposium on Algorithms (ESA) [19]. Persistence in data structures
literature refers to the ability to query or update past states of the data structure and has a
diverse set of applications including in version control systems, geometric algorithms, and functional
programming. Persistence is usually discussed in the context of pointer machines which have no
specific consideration of cache-efficiency [24, 29]. In this work, we introduced a general framework
to convert any cache-oblivious data structure to one that supports partial persistence (can query
past versions of the data structure). Our method can be used to obtain the first persistent versions
of numerous cache-oblivious data structures.
In ongoing work, I am working on an extension of these results to full persistence which allows
update operations in the past in addition to query operations. Besides being a natural extension,
combining cache-efficiency with full persistence will lead to significant performance improvements
in functional programming.
This is closely related to the study of the packed memory arrays (PMAs) which store n elements
in Θ(n) space and support update and search operations. There exists PMAs with Θ(log2 n) complexity matching the amortized lower bounds [10, 58–60]. PMAs are fundamental data structures
in external memory and warrant further study. Bender et al. [4] proved bounds for special insertion
sequences for PMAs that surpass the lower bounds. I am currently working on proving bounds for
PMAs parametrized by features of the operation sequences, similar to the types of bounds found in
binary search tree literature (e.g. working set). Such bounds could allow us to characterize common
access patterns of PMAs exhibited by various applications and circumvent the log squared lower
bounds.
Advances in external memory algorithms and data structures often directly translate to performance improvements in real systems. Motivated by the index maintenance problem described
above, I am interested in the design of dynamic external memory data structures for block compressed data.
Graph Algorithms
My interest in graph algorithms dates back to the beginning of my graduate studies. I am particularly interested in dynamic graph algorithms. Essentially for all reasonable dynamic graph problems
in general graphs, there are significant gaps between upper and lower bounds [25, 26, 34–39].
Of particular interest among these problems is dynamic connectivity which has received the most
attention in the literature. While there exists an amortized randomized lower bound in the cell
√
probe model of Ω(log n) [50], the best deterministic worst-case bound per operation is O( n) [25,
30], the best deterministic amortized bound is O(log2 n/ log log n) [61], the best randomized worstcase bound is O(log5 n) [45], and the best randomized amortized bound is O((log n(log log n)3 )).
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My own attempts of settling the deterministic amortized complexity of the problem was the
motivation behind the development of mergeable dictionaries discussed in the next section.
I am also interested in the design and implementation of several graph algorithms and data
structures used as building blocks in many problems defined on real world graphs.
Biased Data Structures
For many data structuring problems, access to knowledge about future operations could be quite
useful in alleviating the cost of expensive operations. This access can be substituted with nonuniform access times to data using biased data structures. Our first attempt at applying this
intuition was our result on mergeable dictionaries which maintains a dynamic collection of disjoint
sets partitioning a totally ordered set under predecessor, split, and merge operations. While the
worst-case complexity of the merge operation is Ω(n), where n is the number of elements in the
universe, solutions with O(log2 n) amortized running time are straightforward [27].
We showed in [40] that a solution matching the Θ(log n) lower bound is possible. The result
relies on designing a biased data structure which can exploit the combinatorial structure of each
set with respect to other sets in the collection in order to speed up complex merge operations.
In future work, I plan to extend the list of supported operations as well as extend the results to
the case of partial orders or trees to improve the result of Sleator and Tarjan [52]. Interesting future
work also includes generalization of the results of Grossi and Italiano for merging and splitting order
decomposable sets in multiple dimensions [32] to handle arbitrary merge operations. This is closely
related to open problems on maintaining layers of maxima and longest increasing subsequences
dynamically which are of independent interest. Perhaps most interesting is the generalization and
application of developed techniques to other problems that maintain a dynamic collection of subsets
partitioning a universal set (e.g. dynamic connectivity, index maintenance).
Lastly, I still maintain a strong interest in continuing my dissertation work which was on
fundamental data structuring problems.
Fundamental Data Structures
Binary Search Trees. Binary search trees (BSTs) are one of the most fundamental and wellstudied data structures in computer science. While information theory dictates the worst-case
running time of a single access in an n node BST to be Ω(log n), much of the recent literature on
BSTs is concerned with proving bounds on the overall running times of executing access sequences
as a function of the access sequence. Numerous such bounds for various BSTs have been shown in
the literature [2, 7, 7, 8, 11, 13, 14, 21, 53, 55]
These bounds are often referred to as properties (e.g. the dynamic finger property [17, 18]).
In [22], we present a BST data structure that is O(1)-competitive with respect to a constant
number of any given BST data structures. In particular, we obtain a BST data structure that
combines all known properties of BSTs.
A major open problem in data structures research, known as the dynamic optimality conjecture,
asks whether an instance-optimal BST exists. It would be interesting to try to solve dynamic
optimality via an in-depth study of the geometric view [20] of BSTs, possibly using tools from
forbidden matrix theory.
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Priority Queues. Another fundamental data structure with a long and rich history is the priority
queue (heap). Unlike in the case of binary search trees, there exists no established model of
computation for heaps that would allow us to compare them and derive lower bounds or tradeoff
bounds. As our first attempt, in [42] we introduced the pure heap model which is both simple and
captures the spirit of many heaps, and is meant to be a clean definition analogous to that of the
well-established binary search tree (BST) model [57]. We show in [42] and subsequent work [41]
that any heap in the pure heap model that has O(log n) amortized-time Extract-Min and Insert
operations must spend Ω(log log n) amortized time on the Decrease-Key operation. This bound is
asymptotically tight as it matches the upper bounds known for numerous heaps that are captured
by the pure-heap model. Extending the pure heap model to be more inclusive and facilitate the
transfer of analogous results between BSTs and heaps would advance our understanding of these
ubiquitous fundamental data structures.
Research Agenda
Numerous ongoing and planned follow ups to my previous research are mentioned above. In the
short term, the focus of my research will continue to shift towards machine learning and further
into information retrieval and data mining.
I am also very interested in complementing my applied research by maintaining an active theoretical research program which will also include emerging areas of study within distributed computation, parametrized algorithms, and streaming.
My goal is to collaborate with a wide range of researchers in computer science as well as in the
long term engage in interdisciplinary research and develop collaborations with researchers in other
disciplines, in particular, biological sciences.
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