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“Make everything as simple as possible, but not simpler.”
- Albert Einstein (1879-1955)
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Short & sweet Quick & dirty

Slowly but surely Too little, too late
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Q: Given pointset S , which point p minimizes |MST(S p)|  ?
Algorithmic idea: Iterate!

Theorem: Solutions cost  3/2 OPT

Theorem: Solutions cost  4/3 OPT for “difficult” pointsets

In practice: Solution cost is within 0.5% of OPT on average

Group Steiner Problem

Theorem: o(log # groups) • OPT approximation is NP-hard
Theorem: efficient solution with cost = O((# groups)ε) • OPT ∀ ε>0

Primer Selection Problem

Input:    set of DNA sequences
Output:  minimal set of covering primers

Theorem: NP-complete
Theorem: Ω(log # sequences)•OPT within P-time

Heuristic: Ο(log # sequences)•OPT solution“You want proof?  I’ll give you proof!”

•  Compute  MST’ over P’
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Idea: |MST’(P)| = |MST(P)|

Output: MST’ over P

Theorem: max MST degree 4

Input:  pointset P
Find: MST(P)

•  Perturb region 5-8 points,
yielding pointset  P’

“I think you should be 
  more explicit here 
  in step two.”

Idea: |MST’(P)| = |MST(P)|

• Perturb boundary points
to yield pointset P’

•  Compute MST’ over P’
• Output:MST’ over P

Theorem: max MST degree in 3D is 4
Theorem: lower bound on max MST degree in 3D is 3

Input: 3D pointset P
Find: MST(P)

Partition space:
• 6 square pyramids
• 8 triangular pyramids

Theorem: extremal 
density windows all 
lie on Hanan grid

DNA RNA

Transcription

Replication

Translation

Protein

Origin
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Algorithm:

Input:
• points / graph
• any ε > 0

Output: tree T with
• radius(T) ≤ (1+ε) • OPT
• cost(T) ≤ (1+2/ε) • OPT

-V-VLSPADN--VKAAWGKVGAHAGEYGAEALERMF----F----
VHVHLTPEEKSAVTALWGKVNVD--EVGGEALGRLLVVYPLVVYP
-G-GLSDGEWQLVLNVWGKVEA---DIPGHVLIRLFK---FK---

Theorem: “waiting” can never help
Algorithms: • efficient exact solution for 1-dimension

• efficient heuristics for other variants

A

B

"Gabe aiming to solve a tough problem"
www.cs.virginia.edu/dssg

Theorem: # leaves / 2 probes are necessary
Theorem: # leaves / 2 probes are sufficient
Algorithm: linear time
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Input:
• n×n layout
• k rectangles
• w×w window

Output: all
extremal density 
w×w windows

Algorithms:
O(n2) time
O(k2)
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Algorithms:
O(n2) time
O(k2)
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www.cs.virginia.edu/robins

8
MST 1 : cost = 8
max degree = 

MST 2 : cost = 8
max degree = 4

Theorem: max degree 4 is always achievable in 2D
Theorem: max degree 14 is always achievable in 3D
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Quantum register - the “ket ”
Superposition of states:

Where:
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to layer n - 1
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TAAGTTATTATTTAGTTAATACTTTTAACAATATTATTAAGGT ATTTAAAAAATACT ATT
AT AGT ATTTAACATAGTTAAATACCTT CCTTAATACT GTTAAATTATATTCAAT CAATAC
AT ATATAATATTATTAAAATACTT GATAAGT ATTATTTAGATATTAGACAAATACT AATT
TTATATTGCTTTAAT ACTTAATAAATACTACTTAT GTATTAAGTAAATATTACT GTAATA

CTAATAACAATATTATTACAATAT GCT AGAATAATATT GCTAGT ATCAATAATTACT AAT
AT AGT ATTAGGAAAATACCAT AATAATATTTCTACATAATACTAAGTTAATACTAT GT GT
AGAAT AAT AAATAATCAGATTAAAAAAATTTTATTTAT CT GAAACATATTTAATCAATTG
AACT GATTATTTTCAGCAGT AATAATTACATAT GT ACAT AGTACATAT GT AAAATAT CAT
TAATTTCT GTTATAT ATAAT AGTAT CTATTTTAGAGAGTATTAATTATTACTAT AATTAA
GCATTTAT GCTTAATTATAAGCTTTTTAT GAACAAAATTATAGACATTTTAGTT CTTATA

AT AAATAATAGAT ATTAAAGAAAATAAAAAAATAGAAATAAAT ATCATAACCCTT GATAA
CCCAGAAATTAATACTTAATCAAAAAT GAAAATATTAATTAAT AAAAGT GAATTGAATAA
AATTTT GGGAAAAAAT GAATAACGTTATTATTTCCAATAACAAAATAAAACCACATCATT
CAT ATTTTTTAATAGAGGCAAAAGAAAAAGAAATAAACTTTTAT GCTAACAAT GAATACT
TTT CT GTCAAAT GT AATTTAAATAAAAATATT GATATT CTTGAACAAGGCT CCTTAATTG

TTAAAGGAAAAATTTTTAACGAT CTTATTAAT GGCATAAAAGAAGAGATTATTACTATTC
AAGAAAAAGAT CAAACACTTTT GGTTAAAACAAAAAAAACAAGT ATTAATTTAAACACAA
TTAAT GT GAAT GAATTTCCAAGAATAAGGTTTAAT GAAAAAAACGATTTAAGT GAATTTA
AT CAATTCAAAAT AAATTATTCACTTTTAGTAAAAGGCATTAAAAAAATTTTT CACT CAG
TTT CAAATAAT CGT GAAATAT CTTCTAAATTTAAT GGAGT AAATTT CAAT GGAT CCAAT G
GAAAAGAAATATTTTTAGAAGCTTCT GACACTTATAAACT ATCT GTTTTT GAGAT AAAGC
AAGAAACAGAACCATTT GATTTCATTTT GGAGAGT AATTTACTTAGTTTCATTAATTCTT

TTAAT CCT GAAGAAGATAAAT CTATT GTTTTTTATTACAGAAAAGAT AATAAAGAT AGCT
TTAGTACAGAAAT GTT GATTTCAAT GGAT AACTTTAT GATTAGTTACACATCGGTTAAT G
AAAAATTTCCAGAGGT AAACTACTTTTTT GAATTT GAACCT GAAACT AAAATAGTT GTTC

AAAAAAAT GAATTAAAAGAT GCACTTCAAAGAATT CAAACTTT GGCT CAAAAT GAAAGAA
CTTTTTTAT GCGAT AT GCAAATTAACAGTT CT GAATTAAAAATAAGAGCT ATT GTTAATA
AT ATCGGAAATT CT CTTGAGGAAATTTCTT GTCTTAAATTTGAAGGTTATAAACTTAATA
TTT CTTTTAACCCAAGTT CTCTATTAGAT CACATAGAGT CTTTT GAAT CAAAT GAAATAA
ATTTTGATTT CCAAGGAAAT AGTAAGT ATTTTTT GATAACCT CTAAAAGT GAACCT GAAC
TTAAGCAAATATT GGTT CCTTCAAGAT AAT GAAT CTTTACGAT CTTTTAGAACTACCAAC

TACAGCAT CAAT AAAAGAAATAAAAATT GCTTATAAAAGATTAGCAAAGCGTTATCACCC
T GAT GTAAAT AAATTAGGTT CGCAAACTTTT GTTGAAATTAATAAT GCTTATTCAATATT

AAGT GAT CCT AACCAAAAGGAAAAATAT GATTCAAT GCT GAAAGTTAAT GATTTTCAAAA
T CGCAT CAAAAATTTAGATATTAGT GTTAGAT GACAT GAAAATTTCAT GGAAGAACT CGA

ACTT CGT AAGACCT GAGAATTT GATTTTTTTTCATCT GAT GAAGATTT CTTTTATTCT CC
ATTTACAAAAAACAAATAT GCTT CCTTTTTAGAT AAAGAT GTTTCTTTAGCTTTTTTTCA

GCTTTACAGCAAGGGCAAAAT AGAT CATCAATTGGAAAAAT CTTTATT GAAAAGAAGAGA
T GTAAAAGAAGCTT GTCAACAGAATAAAAATTTTATT GAAGTTAT AAAAGAGCAATATAA
CTATTTT GGTT GAATTGAAGCT AAGCGTTATTTCAAT ATTAAT GTT GAACTT GAGCT CAC

ACAGAGAGAGAT AAGAGATAGAGAT GTT GTTAACCT ACCTTTAAAAATTAAAGTTATTAA
TAAT GATTTTCCAAAT CAACT CT GATAT GAAATTTATAAAAACTATTCATTTCGCTTAT C

TT GAGAT ATAAAAAAT GGT GAAATT GCT GAATTTTTCAATAAAGGT AATAGAGCTTTAGG

MNNVIISNNKIKPHHSYFLIEAKEKEINFYA NNEYFSVKCNLNKNIDILEQGSLIVKGKIFNDLINGIKE                
EIIT IQEKDQT LLVKTKKTSINLNTINVNEFPRIRFNEKNDLSEFNQFKINYSLLVKGIKKIFHSVSNNR                 
EISSKFNGVNFNGSNGKEIFLEASDT YKLSVFEIKQET EPFDFILESNLLSFINSFNPEEDKSIVFYYRK 
DNKDSFSTEM LISMDNFM ISYTSVNEKFPEVNYFFEFEPET KIVVQKNELKDA LQRIQT LAQNERT FLCD 
MQINSSELKIRAIVNNIGNSLEEISCLKFEGYKLNISFNPSSLLDHIESFESNEINFDFQGNSKYFLITS 

APVLLNMKQA LEVYLDHQIDVLVRKTKFVLNKQQERYHILSGLLIAALNIDEVVA IIKKSANNQEAINT L    
NTKFKLDEIQAKA VLDM RLRSLSVLEVNKLQT EQKELKDSIEFCKKVLADQKLQLKIIKEELQKINDQFG    
DERRSEILYDISEEIDDESLIKVENVVITMSTNGYLKRIGVDA YNLQHRGGVGVK GLTTYVDDSISQLLV      
CST HSDLLFFTDKGKVYRIRA HQIPYGFRTNKGIPA VNLIKIEKDERICSLLSVNNYDDGYFFFCTKNGI          
VKRT SLNEFINILSNGKRAISFDDNDTLYSVIKTHGNDEIFIGST NGFVVRFHENQLRVLSRTARGVFGI          
SLNKGEFVNGLSTSSNGSLLLSVGQNGIGKLTSIDKYRLT KRNA KGVKT LRVTDRTGPVVTTTT VFGNED   
LLM ISSA GKIVRT SLQELSEQGKNT SGVKLIRLKDNERLERVT IFKEELEDKEMQLEDVGSKQI

MNLYDLLELPTTASIKEIKIA YKRLA KRYHPDVNKLGSQTFVEINNA YSILSDPNQKEKYDSM LKVNDFQ        
NRIKNLDISVRW HENFM EELELRKTW EFDFFSSDEDFFYSPFT KNKYASFLDKDVSLAFFQLYSKGKIDH        
QLEKSLLKRRDVKEA CQQNKNFIEVIKEQYNYFGW IEA KRYFNINVELELT QREIRDRDVVNLPLKIKVI         
NNDFPNQLW YEIYKNYSFRLSWDIKNGEIA EFFNKGNRA LGW KGDLIVRM KVVNKVNKRLRIFSSFFEND    

MEENNKANIYDSSSIKVLE GLEA VRKRPGM YIGSTGEEGLHHM IW EIVDNSIDEAM GGFASFVKLT LEDN      
FVT RVEDDGRGIPVDIHPKTNRST VET VFT VLHA GGKFDNDSYKVSGGLHGVGASVVNA LSSSFKVW VFR    
QNKKYFLSFSDGGKVIGDL VQEGNSEKEHGTIVEFVPDFSVM EKSDYKQT VIVSRLQQLAFLNKGIRIDF         
VDNRKQNPQSFSWKYDGGLVEYIHHLNNEKEPLFNEVIA DEKTET VKA VNRDENYT VKVEVA FQYNKTYN 
QSIFSFCNNINTT EGGTHVE GFRNA LVKIINRFA VENKFLKDSDEKINRDDVCEGLTAIISIKHPNPQYE              
GQT KKKLGNTEVRPLVNSVVSEIFERFM LENPQEANAIIRKT LLAQEA RRRSQEARELTRRKSPFDSGSL          

MGKLA DCTT RDPSISELYIVE GDSA GGTAKT GRDRYFQAILPLRGKILNVEKSNFEQIFNNA EISA LVMA         
IGCGIKPDFELEKLRYSKIVIM TDA DVDGA HIRT LLLTFFFRFM YPLVEQGNIFIA QPPLYK VSYSHKDL           
YM HTDVQLEQW KSQNPNVKFGLQRYKGL GEM DA LQLW ET TMDPKVRT LLKVTVEDASIADKAFSLLM G  

MAKQQDQVDKIRENLDNSTVKSISLA NELERSFM EYAMSVIVA RA LPDARDGLKPVHRRVLYGA YIGGMH
HDRPFKKSA RIVGDVMSKFHPHGDMAIYDTMSRMAQDFSLRYLLIDGHGNFGSIDGDRPAAQRYT EARLS  
KLAAELLKDIDKDTVDFIANYDGEEKEPTVLPAAFPNLLANGSSGIA VGMSTSIPSHNLSELIA GLIM LI          
DNPQCT FQELLT VIKGPDFPT GANIIYT KGIESYFETGKGNVVIRSKVEIEQLQTRSA LVVT EIPYM VNK         
TTLIEKIVEL VKA EEISGIA DIRDESSREGIRLVIEVKRDTVPEVLLNQLFKST RLQVRFPVNM LA LVKG           

Genome Proteome

TAAGTTATTATTTAGTTAATACTTTTAACAATATTATTAAGGT ATTTAAAAAATACT ATT
AT AGT ATTTAACATAGTTAAATACCTT CCTTAATACT GTTAAATTATATTCAAT CAATAC
AT ATATAATATTATTAAAATACTT GATAAGT ATTATTTAGATATTAGACAAATACT AATT
TTATATTGCTTTAAT ACTTAATAAATACTACTTAT GTATTAAGTAAATATTACT GTAATA

CTAATAACAATATTATTACAATAT GCT AGAATAATATT GCTAGT ATCAATAATTACT AAT
AT AGT ATTAGGAAAATACCAT AATAATATTTCTACATAATACTAAGTTAATACTAT GT GT
AGAAT AAT AAATAATCAGATTAAAAAAATTTTATTTAT CT GAAACATATTTAATCAATTG
AACT GATTATTTTCAGCAGT AATAATTACATAT GT ACAT AGTACATAT GT AAAATAT CAT
TAATTTCT GTTATAT ATAAT AGTAT CTATTTTAGAGAGTATTAATTATTACTAT AATTAA
GCATTTAT GCTTAATTATAAGCTTTTTAT GAACAAAATTATAGACATTTTAGTT CTTATA

AT AAATAATAGAT ATTAAAGAAAATAAAAAAATAGAAATAAAT ATCATAACCCTT GATAA
CCCAGAAATTAATACTTAATCAAAAAT GAAAATATTAATTAAT AAAAGT GAATTGAATAA
AATTTT GGGAAAAAAT GAATAACGTTATTATTTCCAATAACAAAATAAAACCACATCATT
CAT ATTTTTTAATAGAGGCAAAAGAAAAAGAAATAAACTTTTAT GCTAACAAT GAATACT
TTT CT GTCAAAT GT AATTTAAATAAAAATATT GATATT CTTGAACAAGGCT CCTTAATTG

TTAAAGGAAAAATTTTTAACGAT CTTATTAAT GGCATAAAAGAAGAGATTATTACTATTC
AAGAAAAAGAT CAAACACTTTT GGTTAAAACAAAAAAAACAAGT ATTAATTTAAACACAA
TTAAT GT GAAT GAATTTCCAAGAATAAGGTTTAAT GAAAAAAACGATTTAAGT GAATTTA
AT CAATTCAAAAT AAATTATTCACTTTTAGTAAAAGGCATTAAAAAAATTTTT CACT CAG
TTT CAAATAAT CGT GAAATAT CTTCTAAATTTAAT GGAGT AAATTT CAAT GGAT CCAAT G
GAAAAGAAATATTTTTAGAAGCTTCT GACACTTATAAACT ATCT GTTTTT GAGAT AAAGC
AAGAAACAGAACCATTT GATTTCATTTT GGAGAGT AATTTACTTAGTTTCATTAATTCTT

TTAAT CCT GAAGAAGATAAAT CTATT GTTTTTTATTACAGAAAAGAT AATAAAGAT AGCT
TTAGTACAGAAAT GTT GATTTCAAT GGAT AACTTTAT GATTAGTTACACATCGGTTAAT G
AAAAATTTCCAGAGGT AAACTACTTTTTT GAATTT GAACCT GAAACT AAAATAGTT GTTC

AAAAAAAT GAATTAAAAGAT GCACTTCAAAGAATT CAAACTTT GGCT CAAAAT GAAAGAA
CTTTTTTAT GCGAT AT GCAAATTAACAGTT CT GAATTAAAAATAAGAGCT ATT GTTAATA
AT ATCGGAAATT CT CTTGAGGAAATTTCTT GTCTTAAATTTGAAGGTTATAAACTTAATA
TTT CTTTTAACCCAAGTT CTCTATTAGAT CACATAGAGT CTTTT GAAT CAAAT GAAATAA
ATTTTGATTT CCAAGGAAAT AGTAAGT ATTTTTT GATAACCT CTAAAAGT GAACCT GAAC
TTAAGCAAATATT GGTT CCTTCAAGAT AAT GAAT CTTTACGAT CTTTTAGAACTACCAAC

TACAGCAT CAAT AAAAGAAATAAAAATT GCTTATAAAAGATTAGCAAAGCGTTATCACCC
T GAT GTAAAT AAATTAGGTT CGCAAACTTTT GTTGAAATTAATAAT GCTTATTCAATATT

AAGT GAT CCT AACCAAAAGGAAAAATAT GATTCAAT GCT GAAAGTTAAT GATTTTCAAAA
T CGCAT CAAAAATTTAGATATTAGT GTTAGAT GACAT GAAAATTTCAT GGAAGAACT CGA

ACTT CGT AAGACCT GAGAATTT GATTTTTTTTCATCT GAT GAAGATTT CTTTTATTCT CC
ATTTACAAAAAACAAATAT GCTT CCTTTTTAGAT AAAGAT GTTTCTTTAGCTTTTTTTCA

GCTTTACAGCAAGGGCAAAAT AGAT CATCAATTGGAAAAAT CTTTATT GAAAAGAAGAGA
T GTAAAAGAAGCTT GTCAACAGAATAAAAATTTTATT GAAGTTAT AAAAGAGCAATATAA
CTATTTT GGTT GAATTGAAGCT AAGCGTTATTTCAAT ATTAAT GTT GAACTT GAGCT CAC

ACAGAGAGAGAT AAGAGATAGAGAT GTT GTTAACCT ACCTTTAAAAATTAAAGTTATTAA
TAAT GATTTTCCAAAT CAACT CT GATAT GAAATTTATAAAAACTATTCATTTCGCTTAT C

TT GAGAT ATAAAAAAT GGT GAAATT GCT GAATTTTTCAATAAAGGT AATAGAGCTTTAGG
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DNKDSFSTEM LISMDNFM ISYTSVNEKFPEVNYFFEFEPET KIVVQKNELKDA LQRIQT LAQNERT FLCD 
MQINSSELKIRAIVNNIGNSLEEISCLKFEGYKLNISFNPSSLLDHIESFESNEINFDFQGNSKYFLITS 

APVLLNMKQA LEVYLDHQIDVLVRKTKFVLNKQQERYHILSGLLIAALNIDEVVA IIKKSANNQEAINT L    
NTKFKLDEIQAKA VLDM RLRSLSVLEVNKLQT EQKELKDSIEFCKKVLADQKLQLKIIKEELQKINDQFG    
DERRSEILYDISEEIDDESLIKVENVVITMSTNGYLKRIGVDA YNLQHRGGVGVK GLTTYVDDSISQLLV      
CST HSDLLFFTDKGKVYRIRA HQIPYGFRTNKGIPA VNLIKIEKDERICSLLSVNNYDDGYFFFCTKNGI          
VKRT SLNEFINILSNGKRAISFDDNDTLYSVIKTHGNDEIFIGST NGFVVRFHENQLRVLSRTARGVFGI          
SLNKGEFVNGLSTSSNGSLLLSVGQNGIGKLTSIDKYRLT KRNA KGVKT LRVTDRTGPVVTTTT VFGNED   
LLM ISSA GKIVRT SLQELSEQGKNT SGVKLIRLKDNERLERVT IFKEELEDKEMQLEDVGSKQI

MNLYDLLELPTTASIKEIKIA YKRLA KRYHPDVNKLGSQTFVEINNA YSILSDPNQKEKYDSM LKVNDFQ        
NRIKNLDISVRW HENFM EELELRKTW EFDFFSSDEDFFYSPFT KNKYASFLDKDVSLAFFQLYSKGKIDH        
QLEKSLLKRRDVKEA CQQNKNFIEVIKEQYNYFGW IEA KRYFNINVELELT QREIRDRDVVNLPLKIKVI         
NNDFPNQLW YEIYKNYSFRLSWDIKNGEIA EFFNKGNRA LGW KGDLIVRM KVVNKVNKRLRIFSSFFEND    

MEENNKANIYDSSSIKVLE GLEA VRKRPGM YIGSTGEEGLHHM IW EIVDNSIDEAM GGFASFVKLT LEDN      
FVT RVEDDGRGIPVDIHPKTNRST VET VFT VLHA GGKFDNDSYKVSGGLHGVGASVVNA LSSSFKVW VFR    
QNKKYFLSFSDGGKVIGDL VQEGNSEKEHGTIVEFVPDFSVM EKSDYKQT VIVSRLQQLAFLNKGIRIDF         
VDNRKQNPQSFSWKYDGGLVEYIHHLNNEKEPLFNEVIA DEKTET VKA VNRDENYT VKVEVA FQYNKTYN 
QSIFSFCNNINTT EGGTHVE GFRNA LVKIINRFA VENKFLKDSDEKINRDDVCEGLTAIISIKHPNPQYE              
GQT KKKLGNTEVRPLVNSVVSEIFERFM LENPQEANAIIRKT LLAQEA RRRSQEARELTRRKSPFDSGSL          

MGKLA DCTT RDPSISELYIVE GDSA GGTAKT GRDRYFQAILPLRGKILNVEKSNFEQIFNNA EISA LVMA         
IGCGIKPDFELEKLRYSKIVIM TDA DVDGA HIRT LLLTFFFRFM YPLVEQGNIFIA QPPLYK VSYSHKDL           
YM HTDVQLEQW KSQNPNVKFGLQRYKGL GEM DA LQLW ET TMDPKVRT LLKVTVEDASIADKAFSLLM G  

MAKQQDQVDKIRENLDNSTVKSISLA NELERSFM EYAMSVIVA RA LPDARDGLKPVHRRVLYGA YIGGMH
HDRPFKKSA RIVGDVMSKFHPHGDMAIYDTMSRMAQDFSLRYLLIDGHGNFGSIDGDRPAAQRYT EARLS  
KLAAELLKDIDKDTVDFIANYDGEEKEPTVLPAAFPNLLANGSSGIA VGMSTSIPSHNLSELIA GLIM LI          
DNPQCT FQELLT VIKGPDFPT GANIIYT KGIESYFETGKGNVVIRSKVEIEQLQTRSA LVVT EIPYM VNK         
TTLIEKIVEL VKA EEISGIA DIRDESSREGIRLVIEVKRDTVPEVLLNQLFKST RLQVRFPVNM LA LVKG           
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