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Overview

A. Decision Guidance (DG) Research Areas: Languages, Algorithms, Tools, Applications

My DG research involves (1) designing DG languages and models based on seamless integration
of DG functionality into broadly used languages and tools; (2) developing algorithms for general
and special classes of DG problems; (3) developing tools toward a DGMS; and (4) DG
applications to manufacturing, power, energy and supply chain, as well as DG applications to
package recommender systems.

DG Languages, Formal Semantics, Soundness and Completeness of Reductions: The papers
[7,9,14,32,33,39,41, 45,60,61,62,69,72,75,76,77,80,83,84,95,96] deal with languages, models and
formal semantics for DG. The key observation is that no single language will suit all DG users
because they range from domain—specific users (e.g., business analysts, manufacturing operators,
power grid engineers) to database application developers, software developers, as well as
operations researchers. For optimization functionality, in particular, it is not practical to teach all
these types of users mathematical/constraint programming (MP/CP) and MP/CP modeling
languages (such as AMPL, GAMS or OPL), which were originally designed for operations
researchers.

Rather, I believe that the best course of action is to seamlessly integrate DG functionality
(including optimization, statistical learning and  predictive analysis) into
languages/formalisms/tools already used by different groups of users, so that their learning curve
for using DG functionality will be minimal. Doing this in a seamless fashion, yet utilizing the
best available algorithms for each particular problem/task, is obviously a non-trivial challenge.

To understand the idea more concretely, consider the Decision Guidance Query Language
(DGQL) [14,61,76,80], which was proposed and developed to enable optimization functionality
for DB application developers using SQL and relational DBMS. DGQL provides a query-like
abstraction for expressing decision optimization problems so that database programmers would
be able to use it without prior experience in MP and, more importantly, to reuse SQL queries
already built into existing applications.

As a simple example, assume that we have an optimization problem for strategic sourcing: given
a demand (for products and their quantities), decide on how many units of each product should be
purchased from each supplier so as to minimize the total purchase cost, while satisfying the
demand and availability constraints. To do this in DGQL, a DB programmer needs to write (or
reuse) a regular SQL program, i.e., a sequence of SQL views and integrity constraints, as follows.
She will need to (1) assume that both information on suppliers (catalogs, prices, volume
discounts, availability, etc.) as well as the purchase quantities (of each product from each
supplier) are encoded in relational tables and (2) write SQL views that will (a) compute metrics of
interest (e.g., cost, time, revenue) and (b) pose DB integrity constraints (e.g., for each product, the
column for the demand quantity must be bounded by the column for the total purchased quantity).
Beyond this purely SQL code, the user will only need to (1) annotate the relevant columns of
input tables as decision variables (e.g., the column corresponding to the purchase quantity for
each product and supplier) and indicate the objective (e.g., minimize cost, already expressed in
one of the SQL views).

The processing of a DGQL query is performed by automatically generating a formal optimization
problem (MILP expressed in OPL in our implementation) and solving it using an MILP solver.



The key challenge in this work is to develop formal reduction procedures to standard optimization
models so as to utilize the most suitable MP/CP solvers. A formal reduction procedure, in turn,
requires the definition of (1) formal optimization semantics for DGQL (based on the set of non-
deterministic computations) and then (2) a formal proof that the reduction procedure is sound and
complete. Informally, soundness and completeness mean that the set S1 of possible optimization
results, according to the DGQL semantics, contains (soundness) and is contained in
(completeness) the set S2 of results obtained through the reduction and a standard optimization
solution.

More generally, my work on DG languages includes seamless integration of DG functionality
into various languages in use by different types of users, including by software developers using
Java [33,77,83,84,95,96], and database application developers using SQL, XQuery (over XML)
and JSONiq (over JSON) [9,11,14,32,39,45,61, 69,72,75,76,92], as well as by domain-specific
end-user specialized tools [7,41,60,62]. The DG functionality includes optimization, regression
analysis and predictive analysis based on stochastic simulation. The challenges here are similar to
the challenges exemplified for DGQL.

DG Algorithms: Many of my publications deal with DG algorithms, including
[6,9,11,12,13,14,15,17,18,32,34,39, 40,47,53,55,56,57,59,60,61,68,69,71,72,74,75,76,92,98,117].
One class of algorithms deals with implementing formal reductions procedures, as discussed
earlier. Mostly, however, I worked on various specialized algorithms for specific classes of
optimization and learning problems. Because these problems have a formulation at a higher level
of abstraction, it is often possible to leverage a special problem structure and features to develop
better algorithms.

As an example, consider the problem of optimizing a Multistage Production Network (MPN), in
which multiple products are produced from input materials/parts through a network of production
cells. Each production cell has multiple machines working in parallel. For the required demand of
the output products, a decision must be made on (1) how much should be produced by each MPN
production cell, (2) which machines in each cell should be turned on, and (3) their output
quantity. The objective is to minimize the total production cost while satisfying the demand and
machines’ capacity constraints. Assuming that the cost functions of machines are expressed as
piece-wise linear functions, the overall problem can be represented as an MILP. However, the
MILP problem is highly combinatorial, having a binary on/off variable for each machine (i.e.,
combinatorial search space is exponential in the number of machines).

To solve this problem more efficiently, in [15,47,57] we proposed the Online Decomposition
Algorithm (ODA) which leverages the fact that in MPN-like problems, only a part of the problem
is dynamic (e.g., the demand for the output product), whereas the rest of the problem is static
(e.g., the connectivity graph of the production cells and the cost functions of the machines). ODA
is based on preprocessing. The key idea in preprocessing is to optimize (offline) each production
cell for each possible value of the discretized production output range. These preprocessed
optimizations are used to approximate each production cell with a continuous function that gives,
for a value of production output, the minimal possible cost for operating the production cell.

Then, the online algorithm (ODA) first finds an optimal solution for the approximated problem
where production cell models (with binary variables) are replaced with their continuous
approximations. This “approximate” solution allows to decompose the original problem, which
otherwise is not decomposable. Then, based on the preprocessed information, search heuristics
are used to find which machines need to be turned on. This effectively reduces the original
exponential search space to a very small space of near-optimal machine configurations. This
approach led to improvement of algorithm time complexity and optimality of results by an order



of magnitude (of course, at the expense of preprocessing, which can only be done once for MPN-
like problems and then reused).

More generally, I worked on a range of specialized algorithms, including (1) stochastic one-stage
optimization where deterministic approximations can be extracted from the original DG
formulation [39,53]; (2) regression of multi-dimensional piece-wise linear functions for problems
that originate from the DG formulations [17,18,34,56, 68,71,92]; (3) efficient classification
algorithms over multivariate time series, leveraging special structure of the target utility function
[32,54,60,72]; (4) top-k computation algorithms for simulation-based DG problems [17,69,75];
and (5) efficient probabilistic algorithms for diversifying package recommendations while
optimizing their quality [59,62,70,74].

DG Tools, Systems and Applications: The work on tools, systems and applications includes
[1,2,3,4,5,6,7,8,10,16,19, 41,42,43,46,48,49,50,51,53,55,58,62,63,65,66,67,70,79,81,85,93,98].
Significant focus was on DG applications and systems in the area of manufacturing
[2,3,4,5,7,19,42,49,51,67,79,117], as well as in the area of the energy and power grid
[10,31,48,63,65,66,93,116]. Also, I have been working on applications of DG to recommender
systems with composite alternatives, such as travel packages, system configuration, and (energy
and power) infrastructure investment [1,31,43,46,58,62,70,74,81,118].

An example of a DGMS-based application is the DG Manufacturing Process Analysis and
Optimization system, which was prototyped as part of the Mason project for NIST (for which I
serve as a PI). The tool’s GUI is captured in Figure 2 in the Appendix. In the tool, the left pane
corresponds to the DGMS Knowledge Base (KB). It contains atomic performance models for
components of automobile manufacturing processes, such as uncoiling (aluminum coils), cutting,
die-press and internal reinforcement and welding. It also contains composite performance models,
such as Tesla Prep Process, Tesla Assembly Process and Tesla Whole Process. Composite models
like these are graphically constructed by a process engineer, using the middle pane of the tool, by
dragging, dropping and connecting components from the KB. The right pane presents the data
elements (values of parameters, control variables, metrics, constraints, etc.) associated with a
selected model.

Against a selected performance model (atomic or composite), domain-specific users can ask
analysis and optimization questions. For example, a process engineer can instantiate a temporal
demand of production and ask the system to optimize the process over a time period. The
optimization query will return a fully-instantiated process model, in which all the control
variables (settings of machine, load distribution, etc.) will be instantiated to satisfy all of the
model constraints (including demand satisfaction) while minimizing the selected metric (e.g.,
total cost of production). The deterministic optimization is performed by the tool by analysis of
the composite performance model, automatically generating an MILP problem formulation in
OPL, solving it by an MILP solver (IBM CPLEX). The stochastic optimization variant of the
problem is performed by the tool through a specialized algorithm based on deterministic
approximations.

B. Earlier Research: Constraint Databases, Constraints for Databases and Secure
Information Systems
My earlier research focused on Constraint Databases (CDB) [22,25,26,27,28,29,36,37,38,
102,103,104,105,106,107,109,110], and constraints for databases and secure information systems
[20,21,23,24,29,35,44,64,73,78,82,86,88,89,90,91,99, 100,101,108]. My PhD work focused on
constraint inference and termination in logic programming [23,111,112,113,131].



Constraints provide a flexible and uniform way to conceptually represent diverse data, including
capturing spatio-temporal behavior, complex modeling requirements, and partial and incomplete
information. They have been used in a wide variety of application domains. Constraint databases
integrate data captured by constraints in databases. My work in constraint databases included
CCUBE [25,102], the first object-oriented constraint database system, enabled by results on
constraint indexing and filtering [22,104,109,110], algorithms for constraint algebra operators
[25,26,36,37,102,103,104,106,109], and algorithms for CDB query optimization [26,37,106,109].
A commercial reimplementation of CCUBE (by AdaptiveTrade Inc.) was also used as the engine
behind the commercialized Adaptive Enterprise Optimization (AEO) Server and Studio, and a
number of AEO-based solutions deployed in Fortune 500 companies.

The work on constraints for secure information systems [20,21,24,64,73,78,82,86,88,89,90,91,99]
focused mainly on the problem of inference channels, which occur when information disclosed to
users combined with known constraints (logical and probabilistic) may lead to inference of
unauthorized information. I also worked on the problem of distributed integrity constraint
management, and the related problem on how global DB constraints can be optimally
decomposed among DB sites as to minimize communication needed to verify the global
constraints [35,100,101].
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