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Abstract

One typically proves infeasibility in satisfiabil-
ity/constraint satisfaction (or optimality in integer
programming) by constructing a tree certificate.
However, deciding how to branch in the search tree is
hard, and impacts search time drastically. We explore
the power of a simple paradigm, that of throwing
random darts into the assignment space and then using
information gathered by that dart to guide what to
do next. This method seems to work well when the
number of short certificates of infeasibility is moderate,
suggesting that the overhead of throwing darts is more
than paid for by the information gained by these darts.

Throwing Darts

Tree search is the central problem-solving paradigm in arti-
ficial intelligence, constraint satisfaction, satisfiability, and
integer programming. There are two different tasks in tree
search: A) finding a feasible solution (or a good feasible
solution in the case of optimization), and B) proving in-
feasibility (or, if a feasible solution has been found in an
optimization problem, proving that there is no better solu-
tion). These have traditionally been done together in one tree
search. However, a folk wisdom has begun to emerge that
different approaches are appropriate for proving feasibility
and infeasibility. For example, local search can be used for
the former while using a complete tree search for the latter
(e.g., (Kroc et al. 2009)). The two approaches are typically
dovetailed in time—or run in parallel—because one usually
does not know whether the problem is feasible (or, in the
case of optimization, if the best solution found so far is op-
timal).

Assigning equal computational resources to both tasks
comes at a multiplicative cost of at most two, and can lead
to significant gains as the best techniques for each of the two
parts can be used unhindered. Sampling-based approaches
have sometimes been used for feasibility proving. In con-
trast, in this paper we explore a new kind of sampling-based
approach can help for proving infeasibility. The techniques
apply both to constraint satisfaction problems and to opti-
mization problems. In the interest of brevity, we will mainly
phrase them in the language of satisfiability.
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One typically proves infeasibility by constructing a tree
certificate, that is, a tree where each path (ordered set of vari-
able assignments) terminates into infeasibility. The ubiqui-
tous way of constructing a tree certificate is tree search; that
is, one grows the tree starting from the root. However, de-
ciding how to branch in tree search is hard (Liberatore 2000;
Ouyang 1998), and the branching choices affect search
tree size by several orders of magnitude (Kilinc-Karzan,
Nemhauser, and Savelsbergh 2009).

A strong backdoor of a search problem is a set of vari-
ables that, regardless of truth assignment, give a simplified
problem that can be solved in polynomial time (Williams,
Gomes, and Selman 2003). In DPLL-style satisfiability, a
strong backdoor of an unsatisfiable formula is a set of vari-
ables that, regardless of truth assignment, give a simplified
formula that can be solved using repeated unit propagation.
Discovering a strong backdoor is not easy (Szeider 2005;
Dilkina, Gomes, and Sabharwal 2007); one motivation of
this work is trying to identify backdoors, which often leads
to better variable ordering and smaller search trees.

We explore the idea of using random samples of the vari-
able assignment space to guide the construction of a tree cer-
tificate. In its most general form, the idea is to repeatedly 1)
throw a random dart into the allocation space, 2) minimize
that dart, and 3) use it to guide what to do next. Interestingly,
this simple approach appears to decrease average runtime as
well as runtime variance when the number of short tree cer-
tificates proving the infeasibility of a formula is moderate.

Experimental Design

We developed a generator of random unsatisfiable formu-
las that allows easy control over the size and expected num-
ber of strong backdoors. Having such control is important
because a generate-and-test approach to creating instances
with desirable numbers and sizes of strong backdoors would
be computationally unmanageable. This is due to the facts
that finding a backdoor is difficult (Szeider 2005) and, for
many desired settings of the two parameters, the common
instance generators extremely rarely create instances with
such parameter values (e.g., pure random 3CNF formulas
tend to have large backdoors—roughly 30% of variables (In-
terian 2003)).

Our test suite consists of a set of graph coloring problems
that, while originally satisfiable, are tweaked to prevent fea-
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Figure 1: Median relative speed of increasing numbers of darts (bottom axis) in each of {86, . . . , 95} cliques (top axis).

sibility. Our generator is a generalized version of that intro-
duced in (Zawadzki and Sandholm 2010). We first ensure
that a randomly generated connected graph G = (V,E)
is k-colorable. This is done via the canonical transforma-
tion of a graph coloring instance into a SAT instance (see,
e.g., (Van Gelder 2008)), followed by a satisfiability check.
Unsatisfiable instances are discarded so they do not inter-
fere with our control of the size and number of backdoors
discussed next. Then, a number n of (k + 1)-cliques are in-
troduced into the graph, with n proportional to the desired
number of short certificates. While not significantly chang-
ing the structure of the graph, no (k + 1)-clique can be k-
colored and thus this augmented graph cannot be k-colored.
So, the SAT formula is unsatisfiable.

A SAT solver can conclude infeasibility of such formulas
by reasoning only about the variables pertaining to a single
k + 1 vertex clique. In this way, we can control the size (k)
of a short certificate in the propositional formula as well as
the estimated number (n) of short certificates.1

We use the underlying solver (MiniSat (Eén and
Sörensson 2004) in the case of our experiments) to guide the
construction of each dart. Each dart is in effect one search
path from the root to a node where infeasibility of the path
can be detected. The path then constitutes a conflict clause.

For the construction of the path, we use uniform random
variable ordering. (This is only for darts throwing. For the
tree search that follows the dart throwing phase, we let Min-
iSat use its own variable ordering heuristics.) However, we
do employ repeated unit propagation using all the clauses in
the formula, both original and prior minimized darts.

Results

We varied both the cardinality of the formula’s set of short
tree certificates of infeasibility (i.e., number of cliques in the
graph) and the number of darts thrown. We performed ex-
periments on these random, unsatisfiable graphs with |V | =
100 and |E| = 1000, with the number of colors k = 10.
Translating the augmented unsatisfiable coloring problem to
propositional logic yielded CNF formulas with 900 variables
and between 12000 and 35000 clauses, depending on the

1The number of short certificates will not necessarily be exactly
n: two randomly placed cliques can overlap in such a way as to
create more than two cliques of the same size, given existing edges
in the graph G. For large enough V and relatively low numbers of
short certificates, we expect this to be rare and inconsequential.

number of cliques added. For every parameter setting, 20
instances were generated, and on each of them, 20 indepen-
dent runs of the algorithm were conducted.

We compare the solution times for a darts-based strat-
egy against that of pure MiniSat. We witnessed significant
speedup from darts in the “middle ground” of 80–95 cliques.
We hypothesize that when there are few short certificates
available, throwing darts will often result in such certificates
being missed. Conversely, when short certificates are ubiq-
uitous (e.g., coloring a complete graph), DPLL is likely to
find a certificate quickly, so darts provide little benefit.

Figure 1 shows the relative speedups across 10 different
experimental settings in this promising range. Values above
1 represent a performance improvement over MiniSat with-
out darts. Regardless of number of cliques, throwing just
250 darts provides, in terms of both mean and median, a
clear decrease in runtime. Runtime monotonically decreases
as we add more darts until between 5000 and 7500 darts. Af-
ter that, the overhead of adding new clauses to the original
propositional formula (and the time spent on throwing and
minimizing the darts themselves) outweighs the benefit of
any information provided by the darts.

Furthermore, speed improvements from darts tend to cor-
relate with large decreases in variance in runtime. Our
largest runtime improvements occurred at 2500–7500 darts;
in that region the variance was reduced by over an order of
magnitude. This suggests that throwing just a few thousand
darts—with low computational overhead—seems to cut off
the heavy tail of the runtime distribution, at least on these in-
stances, better than MiniSat’s tree search, which itself uses
random restarts.

Conclusions

These experiments suggest that a simple dart throwing strat-
egy provides legitimate benefit, both in terms of runtime and
variance in runtime, on formulas with a “medium” number
of short certificates. With too few short certificates, dart
throwing can unluckily miss all of them, thus providing little
new information to the subsequent DPLL search. With too
many certificates, dart throwing provides redundant infor-
mation to the tree search, resulting in little speedup. How-
ever, on instances in between these extremes, throwing even
a few hundred darts—at almost no computational cost—can
often result in both a significant runtime boost and a signifi-
cant decrease in runtime variance. Successful dart throwing
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adds enough information to alleviate the variance introduced
by the heavy tail of these runtime distributions.
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Eén, N., and Sörensson, N. 2004. An extensible SAT-solver.
In Theory and Applications of Satisfiability Testing, 333–
336. Springer.
Interian, Y. 2003. Backdoor sets for random 3-SAT. Theory
and Applications of Satisfiability Testing 231–238.
Kilinc-Karzan, F.; Nemhauser, G.; and Savelsbergh, M.
2009. Information-Based Branching Schemes for Binary
Linear Mixed Integer Problems. Mathematical Program-
ming Computation 1(4):249–293.
Kroc, L.; Sabharwal, A.; Gomes, C.; and Selman, B. 2009.
Integrating systematic and local search paradigms: A new
strategy for MaxSAT. IJCAI.
Liberatore, P. 2000. On the complexity of choosing the
branching literal in DPLL. Artificial Intelligence 116(1-
2):315–326.
Ouyang, M. 1998. How good are branching rules in DPLL?
Discrete Applied Mathematics 89(1-3):281–286.
Szeider, S. 2005. Backdoor sets for dll subsolvers. Journal
of Automated Reasoning 35:73–88.
Van Gelder, A. 2008. Another look at graph coloring via
propositional satisfiability. Discrete Applied Mathematics
156(2):230–243.
Williams, R.; Gomes, C.; and Selman, B. 2003. Backdoors
to typical case complexity. In International Joint Conference
on Artifical Intelligence, volume 18, 1173–1178.
Zawadzki, E., and Sandholm, T. 2010. Search tree restruc-
turing. Technical Report CMU-CS-10-102, Carnegie Mel-
lon University. Presented at the INFORMS Annual Confer-
ence, 2010.

19



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




