
Parsimonious Migration History Problem: 
Complexity and Algorithms
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PMH is NP-hard when ! " #

Three ideas:
1. Ensure that $%&$ ' ( )* +

or &$%$ ' ( )* +

2. Ensure that , - . / " 0

3. Ensure that 1 is satisfiable if 
and only if , - encodes a 
satisfying truth assignment
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!"##$% If (1) holds then ! " is a minimum migration labeling consistent with #$ .

!"##$% If there exists labeling ! consistent with #$ then
(1)

!"#$%&$'!($%)$)*+,-.$ % /0$1/234%/)&$56-)$& ' (

16

Phylogenetic tree T Migration tree öG

v1 v2 v3 v4 v5 v6

u1

u2

u3 u4 u5

Vertex 
labeling   .

Leaf 
labeling  .̀̂ `!

v1 v2 v3 v4 v5 v6

u1

u2

u3 u4 u5

Phylogenetic tree T



Lemma: !"#$%&#'()*+#,'-.#ℓ∗ /+#0#1/./121#1/340,/(.#)05-)/.3#6(.+/+,-.,#7/,'##$8

Lemma: !"#,'-4-#-9/+,+#)05-)/.3#ℓ 6(.+/+,-.,#7/,'# #$ ,'-.
$%&

PMH is FPT in number % of locations when & = S

%:

;'<)(3-.-,/6#,4--# T =/340,/(.#,4--#öG

v1 v2 v3 v4 v5 v6

u1

u2

u3 u4 u5

>-4,-9#
)05-)/.3###8

?-0"#
)05-)/.3##8ö! ! !

v1 v2 v3 v4 v5 v6

u1

u2

u3 u4 u5

;'<)(3-.-,/6#,4--# T

O(!" " ) 
time



!"#$%&'"()*

!"

#$%&'%(')*+,-*.//01-223&/.4(56+72)'8)(&9:39+402;<=:>



!"#$%&'("#'
! !"#$%&$'!()*+,$-)./$+.&0+%10.,$02$*$3450%(0+..
! !"#$%&$6!7$%/$!" -)./$+.&0+%10.,$02$*$3450%(0+..
! 6!7$*582+%0)3%&$9+*10%1*5$:2+$32,.&0$/43;.+$!" 2:$521*0%2/&

Discussion:
! <995%1*;5.$02$20).+$,23*%/&=$%>.>$123%8+*0%2/$2:$;*10.+%*5?@%+*5$&0+*%/&$

0)+248)$*$&%/85.$0+*/&3%&&%2/$.@./0

! !25A023A$+.&2540%2/$@.+&%2/$%&)*+,$*&$-.55
! B9./ C4.&0%2/D$#*+,/.&&$-)./$! %&$4/+.&0+%10.,$2+$+.&0+%10.,$02$*$E<FG

HI



!"

co
m

ig
ra

tio
n

nu
m

b
er

!

µ
=

!

µ
m

in

! min

migration number µ
m! 1

m
!

1

!"#$

!"%$

!"&' ($

single-source

seeding (S)

multi-source

seeding (M)
reseeding (R)

m
on

oc
lo

na
l(

m
)

tree directed acyclic

graph
directed graph

po
ly

cl
on

al
(p

)

multi-tree
directed acyclic

multi-graph

directed

multi-graph

(A)

0 1 2 3 4 5 6 7 8

migrations µ

0

1

2

3

4

5

6

7

8

co
m

ig
ra

ti
on

s
!

! min

µ
m

in!
=

µ

(B)

(C)

(D)

Polyclonal single-source seeding (pS)

Polyclonal multi-source seeding (pM)

Monoclonal reseeding (mR)

Suboptimal solutions

!"#

co
m

ig
ra

tio
n

nu
m

b
er

!

µ
=

!

µ
m

in

! min

migration number µ
m! 1

m
!

1

(B)

Figure 1: Taxonomy of migration patterns between anatomical sites.Migration patterns can be distinguished using two

different criteria. First, by the number of clones that migrate between two anatomical sites: with monoclonal (m) seeding, every

metastasis is seeded by a single clone , whereas with polyclonal (p) seeding, multiple clones migrate from one anatomical site to

another. Second, by the migration topology: with single-source seeding (S), every metastasis is seeded from a single anatomical

site with single-source seeding (S), with multi-source seeding (M), a metastasis may be seeded by multiple anatomic sites, and with

reseeding (R), clones migrate back and forth between anatomical sites, resulting in cycles of seeding.With m anatomical sites

µmin = m ! 1 and! min = m ! 1 are lower bounds on the migration and comigration number, respectively.The migration pattern

affects the migration numberµ and the comigration number! .
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Figure 1: Taxonomy of migration patterns between anatomical sites.Migration patterns can be distinguished using two

different criteria. First, by the number of clones that migrate between two anatomical sites: with monoclonal (m) seeding, every

metastasis is seeded by a single clone , whereas with polyclonal (p) seeding, multiple clones migrate from one anatomical site to

another. Second, by the migration topology: with single-source seeding (S), every metastasis is seeded from a single anatomical

site with single-source seeding (S), with multi-source seeding (M), a metastasis may be seeded by multiple anatomic sites, and with

reseeding (R), clones migrate back and forth between anatomical sites, resulting in cycles of seeding.With m anatomical sites

µmin = m ! 1 and! min = m ! 1 are lower bounds on the migration and comigration number, respectively.The migration pattern

affects the migration numberµ and the comigration number! .
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µmin = m ! 1 and! min = m ! 1 are lower bounds on the migration and comigration number, respectively.The migration pattern

affects the migration numberµ and the comigration number! .
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