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Subcubic Reductions

A subcubic reduction from P to Q is

an algorithm A for P with oracle access to Q s.t.:

/ \ problem Q
problem P -
reduction -
| Instance I,
. Slze nq
size n : :
\ / total time instance I,
r(n) i
SIZEe ny,
Properties:

for any instance I, algorithm A(I) correctly solves problem P on |
A runs in time r(n) = 0(n37") for some y > 0

forany e > 0thereisad > 0s.t. Y5 n3¢<n39°
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Problem Definitions

/Problem All-Pairs-Shortest-Paths (APSP): \
given a weighted directed graph G, compute the (length of the)
shortest path bet air of vertices

each edge has a weight in {1,..,n¢ ]
APSP-Hypothesis: : weightin ¢ "

Ve > 0: APSP has no 0(n3 ¢)-time algorithm

\{tTere/e;tsc>Osuchthat ] J

Algorithms:

0(n>) [Floyd'62,Warshall'62]

0 (n3 /20(log )/ 2) [Williams‘14]

l l I I ‘ max planck institut
informatik



Problem Definitions

/Problem All-Pairs-Shortest-Paths (APSP): \
given a weighted directed graph G, compute the (length of the)
shortest path between any pair of vertices

APSP-Hypothesis:

\ Ve > 0: APSP has no 0(n3 ¢)-time algorithm J
4 )

Problem Min-Plus Matrix Product: | each entry in {1,..,n¢, oo}]

given nxXn-matrices 4, B, define their min-plus product as the
nXn-matrix C with C.; = min A+ By,

\ 1<k<n j

Naive algorithm: 0(n?)

l l I I ‘ max planck institut
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this is surprising!
this is useful!

Subcubic Equivalences

non-trivial 0 (n3)-algorithm,
output size n?

distances in a graph

compute all pairwise ( APSP ]

Min-Plus | ftrivial 0(n3)-algorithm,
Product | output size n?

0

compute matrix C with

.. = min A; B, :
CL'J 1<k<n ikt Bl,j

4 )
All-Pairs-
6roblem NegTriangle: \ N_I_egat'\ie'
rlangle
Given a weighted directed ~ /
graph G II
\?:gg:svzh_e ;{h:rtthere are Negative | trivial O(n®)-algorithm,
S S Triangle | output size 1
w(,i) +w(i, k) +w(k,j) <0
\ J [Vassilevska-Williams,Williams™10]
[Abboud,Grandoni,Vassilevska-Williams’15]
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Easy Application: Minimum Weight Cycle

Given a weighted directed graph G, y

find the smallest weight of any (directed) cycle (i, v)

( MinWeightCycle)—( APSP) ’

compute all pairwise distances d(u, v),

the minimum weight of any cycle is (mi)rele(u, v)+d(v,u)
u,v

( NegTriangle )—{MinWeightCycle) Can assume that there are no
double edges, since input graph

is tripartite

Let M > w(i,j) forall i,

Add 10 - M to each edge weight
Then a cycle with k edges has lengthin [9-M - k,11- M - k]
So any triangle has smaller length than any 4-cycle, 5-cycle, ...

So minimum weight of any cycle is < 30 - M iff there is a negative triangle

l l I I ‘ max planck institut
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More Applications

[zn

d Shortest
Path Min-Plus
Product
Maximum . II .
Submatrix All-Pairs-
Negative-
. Triangle
Metricity \ II J

lllpll’“f?&tk““

Negative
Triangle

this is surprising!

this is useful!

Centrality

Radius]

Median]

Betweennessj

[Vassilevska-Williams,Williams’10]

[Abboud,Grandoni,Vassilevska-Williams’15]



l. Equivalence of APSP and NegTriangle
ll. Example Applications
lll. Further Topics

V. Conclusion



Subcubic Equivalences

(APSP]
J

Min-Plus
Product

(" )

All-Pairs-
Negative-

Triangle
. J

0

Negative
Triangle
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APSP < Min-Plus-Product

[ Thm: If APSP is in time T(n) then Min-Plus Product is in time 0(T(n)). J

Proof: Given matrics A4, B, construct graph:

n < > n

(. ~

\. A J

Y Y
w(i, k) = A[i,k] w(k,j) = Blk,j]

il p J o planckiinsiitu LAPSP is very powerful”



APSP < Min-Plus-Product

Thm:

If APSP is in time T (n) then Min-Plus Product is in time O(T (n)).

Thm:

If Min-Plus Product is in time T(n) then APSP is in O(T(n) logn).

Proof: Given graph G with adjacency matrix A

Add selfloops with cost 0, this yields adjacency matrix A

Square [log n| times using Min-Plus Product:

Then B; ; is the length of the shortest path from i to j

Property: (A¥). = length of shortest path from i to j using < k hops
l,]




APSP < Min-Plus-Product

Thm: If APSP is in time T(n) then Min-Plus Product is in time 0(T(n)).

Thm: If Min-Plus Product is in time T'(n) then APSP is in O(T(n) logn).

APSP and Min-Plus Product are subcubic equivalent

s )
Cor: APSP has an 0(n3~%) algorithm for some ¢ > 0 if and only if

Min-Plus Product has an 0(n3~%) algorithm for some § > 0

[ Cor:  Min-Plus Product is in time 0 (n?/29098™"/%) j

l l I I I max planck institut
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Subcubic Equivalences

(APSP]
l

Min-Plus
Product

(" )

All-Pairs-
Negative-

Triangle
. J

0

Negative
Triangle

l l I I U max planck institut
informatik



Triangle Problems

each edge has a weight in {—n°,..,n¢} ]

Negative Triangle

Given a weighted directed graph G

Decide whether there are vertices i,j, k s.t. N
w(i, 1) + w(, k) + w(k, j) < 0 WD)

Naive algorithm: 0(n?)

Intermediate problem:
All-Pairs-Negative-Triangle

Given a weighted directed graph G with vertexsetV =1UJ UK

Decide for every i € I,j € ] whether there is a vertex k € K s.t.
w(,i) +w(i, k) +w(k,j) <0

l l I I ‘ max planck institut
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Subcubic Equivalences

(APSP]
)

Min-Plus
Product

p
All-Pairs-
Negative-

Triangle

0

Negative
Triangle

~N

- J
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Neg-Triangle to Min-Plus-Product

I
Min-Plus
Product
Given a weighted directed graph G on vertex set {1, ..., n} 0
: . All-Pairs-
Adjacency matrix A: Negative-
. \_ Triangle /
A; ; = weight of edge (i, ), or « if the edge does not exist 0
Ne.gative
1. Compute Min-Plus Product B := A * A: \Jrengle)
Bi,j = minAi,k +Ak,j A: 3 1 o o
k oo oo 4 oo
2. Compute min4;; + B; ; 1 5 o0 2
L]
— I;l}}llcl Aj,i + Ai,k + Ak,j 2 00 7 1

= the smallest weight of any triangle

thus we solved Negative Triangle

Running Time: TNegTriangle(n) < TMinPlus (Tl) + O(nz)

— subcubic reduction
l II p I ‘ gleflgr[r)&;?iik institut



Subcubic Equivalences

(APSP]
II

Min-Plus
Product

S
All-Pairs-
Negative-

Triangle

0

Negative
Triangle

- J
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Min-Plus to All-Pairs-Neg-Triangle

Add all edges from J to I with (carefully chosen) weights w(j, i)
Run All-Pairs-Negative-Triangle algorithm

8 8 8 8
&~ 8 8 8

)
Min-Plus

Product

v 0

All-Pairs-

Negative-
\_Triangle )

4 =)
Negative

Triangle

n = 4 in the picture

Result: for every i,j, is there a k such that w(j,i) + w(i,k) + w(k,j) < 0?

WANTED: Min-Plus: for every i, j: mkin w(i, k) + w(k,j)
= minimum number z s.t. thereisa k st. w(i,k) +w(k,j)<z+1

o w(, k) +wlk,j) <—-w(,i)

11l p g J moecisiwbinary search viaw(j, i)! simultaneous for all i, j!



Min-Plus to All-Pairs-Neg-Triangle

)
K Min-Plus

Product

v 0

All-Pairs-

Negative-
\_Triangle )

4 =)
Negative

B Triangle

8 8 8 8
&~ 8 8 8

n = 4 in the picture

binary search viaw(j,i)! simultaneous for all i, j!

need that all (finite) weights are in {—n¢, ..., n}
each entry of Min-Plus Product is in {—2n¢, ..., 2n¢, oo}
binary search takes log,(4n° + 1) = O(logn) steps

l l I I I max planck institut
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Min-Plus to All-Pairs-Neg-Triangle

)
K Min-Plus

Product

v 0

All-Pairs-

Negative-
\_Triangle )

4 =)
Negative

B Triangle

8 8 8 8
&~ 8 8 8

n = 4 in the picture

binary search viaw(j,i)! simultaneous for all i, j!
forall i,j: initialize m(i,j) := —2n® and M(i,j): = 2n°
repeat log(4n®) times:
foralli,j: setw(j,i) == —[(m(i,j) + M(i,j))/2]
compute All-Pairs-Negative-Triangle
forall i,j: if i,j is in negative triangle: M(i,j) == —w(j,i) — 1

otherwise: m(i,j) == —w(j, i)
il p B0 i (missing: handling of oo)



Min-Plus to All-Pairs-Neg-Triangle

)
K Min-Plus

Product

v 0

All-Pairs-

Negative-
\_Triangle )

4 =)
® Negative
B Triangle

8 8 8 8
&~ 8 8 8

n = 4 in the picture

binary search takes log,(4n¢ + 1) = O(logn) steps

T (n) algorithm for All-Pairs-Neg-Triangle yields
O (T (n) logn) algorithm for Min-Plus Product

In particular: 0(n3~¢) algorithm for All-Pairs-Neg-Triangle for some
e > 0 implies 0(n3~%) algorithm for Min-Plus Product for some £ > 0

i p B J poplonck instin — subcubic reduction



Subcubic Equivalences
(APSP]
I

Min-Plus
Product
All-Pairs-

Negative-
Triangle

(" )

- J

Negative
Triangle
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All-Pairs-Neg-Triangle to Neg-Triangle

Negative Triangle Given graph G
Decide whether there are vertices i, j, k such that

w(, i) +w(i, k) +w(k,j) <0

Min-Plus
Product

)
All-Pairs-

Negative-
\_ Triangle /
(!

( =)
Negative

Triangle

All-Pairs-Negative-Triangle Given graph G with vertexsetV =1UJUK

Decide for every i € I,j € ] whether there is a vertex k € K such that

w(,i) +w(i, k) +w(k,j) <0

Split 1, ], K into n/s parts of size s:
Ly s Ingss J1o oo Jngss Kip v K ]

For each of the (n/s)? triples (I, ], K,):

consider graph G[I, U ], U K] L

l l I I ‘ max planck institut
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All-Pairs-Neg-Triangle to Neg-Triangle

0
Min-Plus
Product
Initialize C as nxn all-zeroes matrix )
AII—Pa_irs—
For each of the (n/s)3 triples of parts (I, Iy, K2): Nﬁ%ﬁf;g'
While G[I, U J,, U K,] contains a negative triangle: ,Niit\
egative
Find a negative triangle (i,j, k) in G[I,, U J, U K] \Triangle )
SetCli,j] =1
Setw(i,j) :=
~— K
O
We negative triangles ] :
o
v teed termination:
guarantee ermm.a ion I o K, g
can set < n? weights to oo ° 5 °
O O
v correctness: /
if (i,j) is in negative triangle, L N |/
we will find one o O
FEE D R Ll Ll




All-Pairs-Neg-Triangle to Neg-Triangle

Find a negative triangle (i,j, k) in G[I, U J,, U K,]

How to find a negative triangle
if we can only decide whether one exists?

Partition I, into .V, ,(®), J, into ]y(l),]y(z), K, into K,V Kk,

Since G[I, U J,, U K, ] contains a negative triangle,
at least one of the 23 subgraphs Kz
G[Ix(a) U]y(b) U KZ(C)]

contains a negative triangle

|
Decide for each such subgraph whether iy
it contains a negative triangle

_1_

)
Min-Plus

Product

(!

All-Pairs-

Negative-
\_Triangle )
(!

4 =)
Negative

Triangle

Recursively find a triangle in one subgraph

l l I I U max planck institut 04
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All-Pairs-Neg-Triangle to Neg-Triangle

Find a negative triangle (i,j, k) in G[I, U J,, U K,] 11

How to find a negative triangle
if we can only decide whether one exists?

Partition I, into .V, ,(®), J, into ]y(l),]y(z), K, into K,V Kk,

Min-Plus
Product

All-Pairs-
Negative-
\_ Triangle /
(!

( =)

Negative

Triangle

Since G[I, U J,, U K, ] contains a negative triangle,

at least one of the 23 subgraphs
G[Ix(a) U]y(b) U KZ(C)]
contains a negative triangle

Decide for each such subgraph whether
it contains a negative triangle

Recursively find a triangle in one subgraph

l l I I ‘ max planck institut
informatik

Running Time:

TFindNegTriangle (n) <

3
2° - TDecideNegTriangle (n)

+ TFindNegTriangle (n/Z)

=0 (TDecideNegTriangle ()



All-Pairs-Neg-Triangle to Neg-Triangle

Initialize C as nxn all-zeroes matrix

For each of the (n/s)3 triples of parts (I, Iy, K2):
While G[I, U J,, U K,] contains a negative triangle:
Find a negative triangle (i,j, k) in G[I, U J,, U K,]
Set C[i,j] =1
Setw(i,j) :=

Running Time:

- (%)

(*) = O(TFindNegTriangle(S)) — O(TDecideNegTriangle(S))

Total time: ((#triples) + (#triangles found)) - (%)

< ((TL/S)3 + nz) . TDecideNegTriangle (s)

— ,1/3 — 3—
Set s = n'/? and assume TDecideNegTriangle(n) =0(m>"°)

max planck institut
informatik

lllpl

Total time: 0(n? - n1~¢/3) = 0(n3~¢/3)

Min-Plus
Product

)
All-Pairs-

Negative-
\_ Triangle /
(!

( =)
Negative

Triangle



Subcubic Equivalences
(APSP]
I

Min-Plus
Product
All-Pairs-

Negative-
Triangle

(" )

- J

Negative
Triangle
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|. Equivalence of APSP and NegTriangle
Il. Example Applications
lll. Further Topics

V. Conclusion



Subcubic Equivalences

2"d Shortest II
Path Min-Plus
Product

[Maximum II

Submatrix ( All-Pairs-

Betweenness
Centrality

Negative-
Triangle

(Metricity .

Negative
Triangle

lllpll’“fﬂitk““



Radius

G is a weighted directed graph U

d(u,v) is the distance fromutovin G w(w v)

Radius: min maxd(u, v)
u 1%

u IS in some sense the most central vertex

Radus)—(Ae5P)

compute all pairwise distances,
then evaluate definition of radius in time 0(n?)

— subcubic reduction

— Radius is in time O (n3/29(logn)1/2)

l l I I ‘ max planck institut
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Negative Triangle to Radius

Negative Triangle instance: Radius instance:
graph G with n nodes, —> graph H with O(n) nodes,
edge-weights in {—n¢, ..., n¢} edge-weights in {0, ...,0(n°)}
i
O O @ O
w(i, ) e o |o |o
L@ B|@ON c|@® 0 @
J O \: \ O \ O
Ja| @] Js Jch@®| Joi@®
O O @ O
@ O O O
1) Make four layers with n nodes 9 U 9 9
A B C D

2) For any edge (i, j): Add (ig, jp),

l l I I I max planck institut
informatik

M := 3n¢



Negative Triangle to Radius

Negative Triangle instance: Radius instance:
graph G with n nodes, —> graph H with O(n) nodes,
edge-weights in {—n¢, ..., n¢} edge-weights in {0, ...,0(n°)}
[ M = 3nc
O O @ O
w(i, j) |e O o |o
La | @N O ® O
jE o \: o / o
®| JB O O
(i,j, k) has weight W O O \kCBQ’ O
@ O O O
1) Make four layers with n nodes 9 U 9 9
2) For any edge (i,j): Add (ia, jg), A b ¢ D
(ig,jc), (¢, jp) with weight M + w(i, j) & path has length 3M + W

- HiAerlkC) lD'path of |ength < 3M — 17?

l l I I I max planck institut
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Negative Triangle to Radius

Negative Triangle instance: Radius instance:
graph G with n nodes, —> graph H with O(n) nodes,
edge-weights in {—n¢, ..., n¢} edge-weights in {0, ...,0(n°)}
. P M = 37’lc
| o ~for—[o[ s
w(i, j) | . | |e®
N < e B
jE o \: o / o
O O O
(i,j, k) has weight W O \kcﬁb’ @)
@ O O O
1) Make four layers with n nodes o U 9 9
2) For any edge (i,j): Add (ia, jg), A b ¢ D
(ig,jc), (¢, jp) with weight M + w(i, j) & path has length 3M + W
3) Add edges of weight 3M — 1 from — iy, jp, ke, ip-path of length < 3M — 1?
any i, to all nodes except ip
Radius: mm maxd(u V) Claim: Radius of H is < 3M — 1 iff

11 p i | mﬁaﬁk institut there is a negative triangle in G




Subcubic Equivalences

2"d Shortest II
[ Path M.n Plus Begggterg;f*j
Product y
N
‘ Mamnmy1. . ﬁ . Ramus)
Submatrix y All-Pairs-
\ Negative-
Triangle :
(Metricity ﬂg J Medlan)
Negative
Triangle

il pll’“f?&tk“““



MaxSubmatrix

MaxSubmatrix:
given an nxn matrix A with entries in {—n¢,..,n}
Y (B) := sum of all entries of matrix B

compute maximum X(B) over all submatrices B of A

[Thm: MaxSubmatrix is subcubic equivalent to APSP ]

Y1

Y2

[Tamaki, Tokuyama’98]

[Backurs,Dikkala, Tzamos’16]

there are 0(n*) possible submatrices B
computing 2(B): 0(n?)
trivial running time: 0(n®)

Exercise: design an 0(n?) algorithm

l l I I ‘ max planck institut
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MaxSubmatrix
MaxSubmatrix: 4
given an nxn matrix A with entries in {—n¢,..,n} v B
Y (B) := sum of all entries of matrix B yle .

compute maximum X(B) over all submatrices B of A

[Thm: MaxSubmatrix is subcubic equivalent to APSP ]
[Tamaki, Tokuyama’98]

[Backurs,Dikkala, Tzamos’16]

MaxCenteredSubmatrix:
compute maximum Z(B) over all submatrices B of A containing the center of A
l.e. werequire x; <n/2<x,andy, <n/2<y,

[Thm: MaxCenteredSubmatrix is subcubic equ. to APSP ] A

we only prove: NegativeTriangle < MaxCenteredSubmatrix

Exercise: MaxCenteredSubmatrix < APSP

l l I I max planck institut
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NegTriangle to MaxCentSubmatrix

A
V1 B
Positive Triangle instance: MaxCenteredSubmatrix: B
graph G with n nodes, —> 2nX2n-matrix A ¥y
edge-weights in {—n¢, entries in {—n%©), ..., n%N X1 X2
— +3
Claim: MaxCentSubmatrix of Ais > M | M =21
w(i, ) iff G has a positive triangle
I
YTk .
In quadiantnll we want for any k, i: | 5(B") 5(B")
DN Ay =wle ) | =w(k,D) | =w(,k)
y=k x=i M I
| v
this is satisfied by defining: - 0 2(B™) |
Agi=wle, i) —w(k +1,0) Yy —n =i M =w(b.j) |
—w(k,i+1)+wk+1,i+1) i M :
| M |
(where w(x,y) =0forx >nory >n) 1l : 7, :IV
max planck institut |
l II p I ‘ informatik : xl =i xz —n :jl




|. Equivalence of APSP and NegTriangle
ll. Example Applications
lll. Further Topics

V. Conclusion



Weighted k-Clique

o

N

roblem Negative-k-Clique:

Given weighted directed graph G
is there a k-Clique with negative total edge-weight?

eg-k-Clique-Hypothesis:

~

\ Ve > 0,k > 3: Neg-k-Clique has no 0(n*~#%) algorithm/

“Yields more lower bounds
since the input is sparser”

l I I U max planck institut
informatik

(APSP]
0

Negative
Triangle

I

|

Neg-k-
Clique

|




Tree Edit Distance Inputsize: 0(n + |2]?)

on two rooted ordered trees T, T* with nodes labeled by X

determine minimum cost of edit operations transforming T into T*

edit operations:
relabel a node,
COStrel(xr y)

insert a node,
costins(X)

delete a node,
costge (%)

l l I I ‘ max planck institut
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Tree Edit Distance Inputsize: 0(n + |2]?)

on two rooted ordered trees T, T* with nodes labeled by X

determine minimum cost of edit operations transforming T into T*

first algorithm: 0 (n®) [Tai'79]
a series of papers improved to: 0(n®) [Demaine,Mozes,Rossman,Weimann'07]
/Thm; [B.,Mozes,Gawrychowski,Weimann’1%

For alphabet |Z| = Q(n), a truly subcubic algorithm for tree edit
distance implies a truly subcubic algorithm for APSP.

For |Z| = O0(1), a truly subcubic algorithm for tree edit distance
implies an 0(n*~¢) algorithm for Neg-k-Clique.

o

other applications: Max-Weight-Rectangle, Viterbi, ...
Il p J I o plonckinstit [Backurs,Dikkala,Tzamos’16] [Backurs, Tzamos’17]
informatik



Weighted k-Clique

. A

roblem Negative-k-Clique:

Given weighted directed graph G
is there a k-Clique with negative total edge-weight?

Neg-k-Clique-Hypothesis: (APSP )
\ Ve > 0,k > 3: Neg-k-Clique has no 0(n*~#%) algorithm/ II

{Eegaﬁve

[Abboud,B,Dell, Triangle

Nederlof'18] [ ov ] 2
If OVH fails then
Neg-k-Clique is Neg-k-
in time 0(n*~¢) Clique

i1 p J [ oo planck instin Neg-k-Clique unifies OV and APSP



(Weighted) k-Clique in Hypergraphs

r-hypergraph:
_ : |4
G = (V,E)withE (r)

note: 2-hypergraph = graph

k-Clique in r-hypergraph:

vertices vy, ..., Vi S.L.
forany e C {v, ..., v} of size r we have e € E

0(n%79%) known for k-Clique in graphs  [NP'85]

0(n*~#) not known for Neg-k-Clique in graphs or k-Clique in 3-hypergraphs

OVH fails:
= 0(n*~¢) for Neg-k-Clique in r-hypergraphs

[ABDN'18] for any k > r and weights bounded by n/*)
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Proof Outline

Neg-2k-Clique (1) ExactWeight-2k-Clique (2) 2k-Clique (3) oV
r-hypergraphs r-hypergraphs 2r-hypergraphs
From testing “<” Removing weights by Implementing Constraint

to testing “= increasing the arity Satisfaction Problems by
Orthogonal Vectors
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Proof Outline — Step (2)

Removing weights by increasing the arity

é ExactWeight-k-Cli h ( )
xactWeight-k-Clique k-Clique

Given target ¢, graph G, weights w, >
is there a k-clique of weight t?

_ J
- y
assume weights bounded by W = 0(n/®))

4-hypergraph G’

Consider k-clique C with }.,.c,w(e) =t
Base-B expansion: t =Y,t,- B, w(e) = Y,wy(e) - B

we have ), .c.w(e) =t

& 3Fcarries ¢; € {0, ...,0(k?)} such that ¢, + Y .c wp(e) =ty + cppq - B VP

guess carries: blowup of 0(k?)!08W/l0gB — ;o(1) for B := logn
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Proof Outline — Step (2)

w = 0(nf®)
Removing weights by increasing the arity B :=logn
€ ExactWeight-k-Cli A i R
Xacteight-k-Clique k-Clique

Given target ¢, graph G, weights w, >
is there a k-clique of weight t?

_ Y ~ <

4-hypergraph G’

New problem after guessing carries:
Find k-Cquue C with Cp + ZeEC W{)(e) =ty+cpyq B VY

& Yocowi(e) =0 Ve with wj(e) = ¢, + (%

2) we(e) —ty —Coy1 - B

S Yo(Qece Wé(e))z =0
= Zel,ezgc W, Wé(el) : W{”(ez) =0

< Shecn=aW” () =0 with weights bounded by 0 (B272%) = polylog n

Il p J o planck instivu guess all weights: (polylog n)0(k*) = oM plowup



Proof Outline — Step (2) W = 0(nf®)

Removing weights by increasing the arity B :=logn

-

o

ExactWeight-k-Clique h é R
k-Clique

Glyen target t, graph G, wgghts w, > s 6
is there a k-cllﬂof weight t? | ﬁ
y _J

r-hypergraph 2r-hypergraph

New problem after guessing carries:

Find k-clique C with ¢y + ) .cowp(e) =tp+cpy1 - B VL

= Ze(ce + ZeEC W{)(e) —lp — Cpy1 - B)Z =0
S Y (Xecc Wé(e))z =0 with wp(e) = ¢, + (12() we(e) —tp—cpy1* B
= Zel,eZQC Z'g Wé(el) ’ Wé(eZ) — O

& Yneen=4+W' (R) =0  with weights bounded by 0 (B2 %) = polylog n

Il p J [ oo planck insitut guess all weights: (polylog n)O(RZ) = n°( blowup



Proof Outline — Putting it together

Neg-2k-Clique (1) ExactWeight-2k-Clique (2) 2k-Clique
r-hypergraphs r-hypergraphs 2r-hypergraphs

r-hypergraph

G =(V,E)
4 )
OV-Hypothesis: (moderate dimension)
Ve, 8 > 0: OV in d = n® has no 0(n?—¢)-time algorithm
N\ /

If OVH fails, then for some &,5 OV is in time 0(n?~%) in d = n?

(3)

oV
n=0(|V|*)
d=0(V|*)

Then for any r and k > 2r/8, Neg-2k-Clique in r-hypergraphs is in O(|V|?*~¢F)
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|. Equivalence of APSP and NegTriangle
ll. Example Applications
lll. Further Topics

IV. Conclusion



Conclusion

APSP L

II classic

result

Min-Plus
Product
simultaneous
~———— binary search
All-Pairs-
Negative-
Triangle
II from many to
one output

Negative
Triangle

2"d Shortest
Path

Centrality

Radius)

Median]

Betweenness]

Maximum
Submatrix
(Metricity

N

=

Neg-k- _ _

i Open:  Diameter equivalent to APSP?
Clique

Unifying hypothesis that implies
Nl p B0 o i OV-H, APSP-H and 3SUM-H?




