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BEEREE D —HE S v X 6> 7YV 2E, 73V X ADHEREFHER K E R IC AT R TH D,
Duchon & [1] i Boltzmann sampler] W5 &#Y > 7V ¥ 70D OVHAZRE L7z, i
W, ZOFEZYV VA INVDATHREIND DI XA T 7 ZOHEREZEENCEH L. RN
T3, Boltzmann sampler ZHWTAH Y RRA TS 7%~k VX LIERT 2 7LVITV L 2] &
REIVT, BYPEAMIEHN I RZR T T 72— (7 VX LERTE2 703 AL 2RET5. Ih
&, W RRT 57 %Rl EINCHFFOAREREZER O—k S > X AR FETH 5.

2 IEEEZTERORIF

H 5 EREREZER (X, d) T LT, EED z,y € X TN LT d(x,y) = dg(z,y) BKRILT % &
IREADETT77 G %, (X,d) DRBEE WS, ZIT, dog ¥ G LoRERKEHEZRT. G
2 (X,d) DEBTHD, 70 G b rOdERIBRVTS (X,d) OEBHTRL AL E, G*%
minimal BWRIRL WS, 51, (X,d) OLTOEHOFTLEE LEADKRN) MERhekd k>
BRERETRBHBRBF L VNS,

— M OHREEREZERICH LT, ZORERFERIZ B ERoRWv bicEsiEH e R0
3. L2L, WSOohDFTI 707 5 A L TIREAERO—EEMEEIh3 2t bbb, 7=
Y ZAER T % FEBNCH DRz OREERD) Thiug, T rR#E» >o—ERFEHL K2 Z e PHIS
MTW3 [4]. 7, Imrich [5] 12X 2T, ¥4 2V EREI>O—ERERICH O M2 0o
Y S NOBR NS AV (S
EH 1 (Imrich (2004)[5], Theorem 4.4) & 2 HIREHEZER (X, d) I A X ALLEDOFA 70 C %
minimal ZEHE LThor L, COEHAZ {v; | 1 <i<n}, CDB%Z {(v;,vi41) | 1 <i <
n—1}U{(vp,v1)} £ T%. ZOrE, CHRELrO—RBRERTH 2 HETIEMFE, ERED i T

d(vi, vig1) + d(Vig1, viga) = d(vs, Viy2) (1)
MBnZiEL LT DZ2TH 3.

X1, ZOEM 1 ZHAWT, M (X, d) PA 7R 77 72FKBICb ok 01F, (X,d) O
R FEREIH 7 AR 7T 7THY, —BISEES I EDBFKS [6] 12k o TRINE

DFD, 2REZNLLEFEMETERVWAIRRAT S 7, h 7 XRATRERBTE 3Rz (bR
2 HEEEZERD) ORICIE—X— OB B 2. £oT, TOXIRIIRRATTI7EERT S LT,
7 R APRREZEE R T E .
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3 Boltzmann sampler

CrmARRAREGLTS. C LOBB| | :C = Z>) THoT, FEED n € Z>o IZDOWVT
W =n %3y eC OFBPERTHS L %, M| | 241 XERL X0, (C|-|)DzLrsS
R IR 7IA(C|-|) ORBIEE C(2) =) 2" ¥EDB. ZIT, z% C(z) DICRFE
MICHAEEDIERE LTEE L X, #iEy € C 2EMT 2R P(y) = 2M/C(2) THEZ 5
N5H 7Y 77NV X L% Boltzmann sampler £\ 5. ZDERD?D, Wy HDERIND
HERITIHEIZ y DV A ZDOAIMKET 2720, FUH A XOBRELEIE—H T > X 2IZEREN 5.

Z 2T, FEDBEE R T % Boltzmann sampler Z AL $ 2 BRi21E, HWOBESUEE & BE
Mol 5 22 HAEOELBATERR T 20ENDH 5. ZORME 2B Z 230D
H2H, MEADEE EARTIIE T 2 GEIISCHE [1] #ZH8). Panagiotou & [2] 14 7 X X
77 7EREOT 57 7 ADEMTIEL, M VX LERT AT VT AL EZ TN,

4 BHRAEFHIORRTZTDZVRALGTIVT

AFEHTIE, Boltzmann sampler Z W TEA[ X H I X AT T 7 v H 7 X ZAEEZEME % EiE I

—HT YR LRERT 5T NTY AL BRET S, BETEOTWAUILITOEY TH 5.

1) HADRBRWA Y RRTS 7% 7 X LZAEMT % Boltzmann sampler 2] 12X o THZ X R
77GY YTV TTE (ZOLEGREENZHA ZVIRE 4 LEICHIRY 2).
2) n ZER, GOADOEREE m 5 5. n D mEANOELR > E% KT % Boltzmann sampler
WEoTHHZY TV 7L, ThzH0WT G ORAICEAZER 5.
3) R (1) oIz LTWw 2 2R T 5.
4) BEANEA I ZRT77 G 1T 5.

RETHEEZEEL CHHEM ETRITU AR A RIEICB LTIk, FEERRICHNT 5.
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B3, BREEICHESWTHETE 2 DREN S 7 7 TH 570, ELOMNLER & E B IR T 72
V. I TEFETREMRAS Y F V-2 OUZBYNCHE O LTHARRA v 7 — 271080
LZAZXDTMENGRE 6ND X2k o7. BIZIX, 5 6N/HEF T 72 tree-based network
WA E D RIRED ZHIE § 2 I NP 22 TH 5 [1]. —77, A2 Z 7 G 5 tree-based network
WKMEDIARETH S Z Lk, G D cherry cover graph 2fEET 2 Z L IXFMETH % [2]. )7,
Tree-child network (Z[A1 Z D1 AlRED 2 HIE S 5 @ (Tree-Child Orientation i) 1ZIZFEMHATR
FPT 73V ARt 2—YRT 4 v ZABREINTWED 3], ZoOMED NP e PHEA

AFHETIE, cherry cover graph I H LT, tree-child network (Z[@] & D AlRE/R 77 7 OHHE
BERLTMREBNRD.
2 #fE

XHR [4] L FEROREEZH VS, ARES X 240z RL, V—J7&8r LU, X 0%

= N 2ERERFERYRT—=02 05, £/, V—TDHNOLREADOXRES 3 DL 21X N IZZHT
HBrWH., REHETHS IXRTOERZZ 713IEKE R 7S 7 (DAG) THAS.

%1 X LORGESEARMERY b7 N &, AAFKEZ S 7055, UWFO 3 005#%
7z DTH%.

o indegg(p) =0, outdegg(p) =2 L7 2THF p € V(N) 23772 1 1T 3.

o« N indegg(z) =1, outdegg(x) =0 ZiliZzTTHR » DEFEF, X & —HT 3.

o p LULDTHRDOIEZ 2 TidAw.

ZZT, AXEO DTES p BIRY KO8, AXRE 1 OIES % tree vertex, AXED 2 LI EDOTEHS%
reticulation ¥\ 5.

7, eV — 7O TRTOEADIEN 3 THLLE, NZZHTHL LS.
3 Tree-child network

X OB EDEARESRY PV —2 N OV =7 TRVEED TSR LD 12 Y — 7
tree vertex Tdh 2 ¥ %, N 1%, tree-child network T3 3 ¥ \»5. Tree-child network O %
NIRRT 57D FOEMEZFT.

EH 2 ([6], Lemma2) HIIRFF v MV —2 N 7 tree-child network T& 2 BB -535M%, N
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e TZ reticulation 2D X 9 72 reticulation 7\,
o FTH3B2ODHELENE D BB reticulation TH 3 X 5 7% tree vertex \ITEE LR,

4 Tree-Child Network ICRIZEDITAIEER T S 7 D4HE
NoOH2B12oDle, TR 2THH p ZFAL TN, 21E281E%2 N O rooting £\W5. F7,
N Z rooting L7:%, E 51T N, DFAZAZ2E D L4 THHE2 N D orienting £\ 5.

fild8 3 (Tree-Child Orientation)

INPUT : ZHfERRMAY VTV —2 N
OUTPUT : N 2 tree-child v bV —ZIZAIZDJRIGETH 551X, N IZMEDIFE L7
tree-child v bV —2, £S5 TRWVWAELIXNO.

ARFHEHTIE, Ry VT =7 DR E DT REICEE T 20590125 & L7z LT, tree-child network
WHAEDIARER 7 Z 7 F O E %, 779 7D cherry cover ICEH LT L 5.

HEE AR —ARE, JST XIAUHIFEE PRERRIIIFE 7 1 275 4 JPMJSP2128 & FARH R AT
MBS SR OEFMREZFE (T -V —N—FTur7L) OXEEZI-HDTH 5.

BE 3R

[1] Katharina T Huber, Leo van Iersel, Remie Janssen, Mark Jones, Vincent Moulton, Yukihiro
Murakami, and Charles Semple. Orienting undirected phylogenetic networks. Journal of
Computer and System Sciences, 140:103480, 2024.

[2] Leo van Iersel, Remie Janssen, Mark Jones, Yukihiro Murakami, and Norbert Zeh. A
unifying characterization of tree-based networks and orchard networks using cherry covers.
Advances in Applied Mathematics, 129:102222, 2021.

[3] Tsuyoshi Urata, Manato Yokoyama, and Momoko Hayamizu. Orientability of undirected
phylogenetic networks to a desired class: Practical algorithms and application to tree-child
orientation. arXiv preprint arXiv:2407.09776, 2024.

[4] Shunsuke Maeda, Yusuke Kaneko, Hideaki Muramatsu, Yukihiro Murakami, and Momoko
Hayamizu. Orienting undirected phylogenetic networks to tree-child network, 2023. https:
//arxiv.org/abs/2305.10162.

[5] Laurent Bulteau, Mathias Weller, and Louxin Zhang. On turning a graph into a phyloge-
netic network. 2023.

[6] Gabriel Cardona, Francesc Rossello, and Gabriel Valiente. Comparison of Tree-Child
Phylogenetic Networks. IEEE/ACM Transactions on Computational Biology and Bioin-
formatics, 6(4):552-569, 2009.

AAIGSHEEER 2024 4E 2 H#IHTRE (2024-09-14/16) Copyright (C) 2024 —&HEHIEA A AIGH R ER



E3-4-3

[WFFEE 2 OS] B AT L (2)

A practical FPT algorithm for the problem of orienting
undirected phylogenetic networks

Tsuyoshi Urata', Manato Yokoyama'!, Momoko Hayamizu?
!Department of Pure and Applied Mathematics, Graduate School of Fundamental Science
and Engineering, Waseda University, ?Department of Applied Mathematics, Faculty of Science

and Engineering, Waseda University
e-mail : uratsuyo244@Qmoegi.waseda.jp

1 Abstract

Given an undirected phylogenetic network N, the C-ORIENTATION problem asks whether it is
possible to orient N to a directed phylogenetic network N of a desired network class C. In this
talk, based on [1], we describe an FPT algorithm for C-ORIENTATION and a fast heuristic that
can be used for TREE-CHILD ORIENTATION. We analyse the time complexity of the proposed

methods and compare the empirical performance with the state-of-the-art algorithm.

2 Notation and terminology

We recall the necessary definitions from [1]. An undirected binary phylogenetic network on
X is a simple, connected, undirected graph N such that its vertex set V is partitioned into
Vii={veV|degy(v) =3} and Vi :={v € V | degn(v) = 1}, and VL, can be identified with
X. Each vertex in V7 and in V7, is called an internal vertex and a leaf of N, respectively.

A directed binary phylogenetic network on X is a simple, acyclic directed graph D such that
the underlying graph of D is connected, the vertex set V of D contains a unique vertex p
with (indegp(p), outdegp(p)) = (0,2) and the set V' \ {p} is partitioned into Vp := {v € V|
(indegp(v), outdegp(v)) = (1,2)} and Vg := {v € V | (indegp(v), outdegp(v)) = (2,1)}, and
Vi :={v e V| (indegp(v), outdegp(v)) = (1,0)} that can be identified with X. The vertex p is
called the root of D, and each vertex in Vr, in Vi and in V7, is called a tree vertex, a reticulation
and a leaf of D, respectively. A directed binary phylogenetic network D on X is a tree-child

network if every non-leaf vertex of D has at least one child that is either a tree vertex or a leaf.

3 Orientation problems
Recently, Huber et al. [2] defined and discussed the following two problems.

Problem 1. (DEGREE-CONSTRAINED ORIENTATION )

INPUT:  An undirected phylogenetic network N = (V, E) on X, an edge e, € E into which a
unique root p is inserted, and the desired in-degree 0 (v) of each v € V.
OUTPUT: A directed phylogenetic network N that is an orientation of N and satisfies the

constraint (e,, 0y ) if it exists, and ‘NO’ otherwise.
Problem 2. (C-ORIENTATION )

INPUT:  An undirected binary phylogenetic network N = (V, E) on X.
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OUTPUT: An orientation N of N such that N belongs to the class C of directed binary

phylogenetic networks on X if it exists, and ‘NO’ otherwise.

Huber et al. [2] provided a O(|E|) time algorithm for solving Problem 1. Regarding Problem 2,
they described a simple exponential time algorithm and FPT algorithms for a special case of the
problem. However, it remains challenging to develop a practical method for Problem 2. This

motivates us to explore a heuristic approach.

4 Proposed methods for C-Orientation

Let N = (V,E) be an instance of Problem 2. Then, any orientation N of N contains r =
|E| — |V| + 1 reticulations, and so we need to decide which r vertices to be reticulations in N.
The number of ways to select r vertices from the vertex set V is (":l). Theorem 1 allows us to

reduce the search space from (“:l) to [1._, [V(C;)|, where C; are cycles in a basic cycle S of N.

Theorem 1. Let (N,e,,dy) be an instance of Problem 1 where N is binary and let Vi denote
the set of reticulations specified by 0y (v). If there exists an orientation N of N satisfying the
constraint (e,,0y), then for any cycle basis S of N, there exists a bijection ¢ : S — Vg with the
property that ¢(C) € V(C) holds for each C € S.

Based on Theorem 1, we propose an exact FPT algorithm for C-ORIENTATION (Problem 2).
Our algorithm first computes a minimal cycle basis S = {C1,...,C,} of N. It then iteratively
selects one reticulation vertex from each basic cycle to form Vg, and solves Problem 1 for each
(ep, Vr) until a C-orientation is found or all possibilities are exhausted. While this approach is
still exponential, it significantly reduces the search space compared to previous methods, making
it more practical for many instances. This algorithm is FPT both in the reticulation number r
and the size ¢ of longest basic cycles in § used in the computation.

For orientation to tree-child networks, we also propose a heuristic method that places reticu-
lations as far apart as possible. Instead of computing []._; |V(C;)| reticulation placements, it
maximizes the sum of distances between reticulations, avoiding exhaustive search. While not

guaranteed to be correct for all instances, this approach works correctly for small r.
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Neighbor-Joining (NJ) ¥ [1] Z A FEEEITH 2 EH T 2 R 2 HE T 2 HETH D, £V
7= 2 DB Z ST 2 ik LTHIS ATV

F72, NI EZIRL, EDIEWT I A THSEHRMA v b ‘7—7’8&7]3‘575728 L C, Neighbor-
Net (NN) i% 2] BHISATWS. NN KIC LD, NJ IETIERATE R - ELOEFH O gEME%
MB35 Z a7k o 7.

—7C, NN KX, HAand 7o 70385 2 8T, #LOIRDHEE L < 725 &\ 5 DS
H5. RBETIE, NI EZHET LT, NN ELDBBERLLTORMSR Y b7 =27 24T 5
Wiiclab 2=V RT 4 v 7 RZREL, BhEN27 7 70EME % NJ %, NN ZFEe s 5.

2 Neighbor-Joining &

Neighbor-Joining #ld, X FOEEHTY D 2 A1 U, D 2% 2 768 T = 113 2 FEEEHT
FETH 5. BIEREMEZOIIREE U, ®RX 7 v P TRDDAFHEL R 2 RT72EIRT 5. 2, &
r; ZR7ELTHDH L 20GFFE Si; 3,

n

D(x;, zx) + D(xj,z1)) + D(xz,Ij) 4+ — Z (i, 25) (1)
=3 n=2,5%,

TRDoN S, FIRINIRTIN UTHRE@EH BN, ERHTIZEH S 5. EETI 0
BHNC, xi, v TRWERD z, &, z;, x; OIEMES z;; L OFEREE D,y 5 U, 2, 25 & 255 D
rheholE#% D, ;, Dj; £ LT,

Dy = 5 (Dl 2) + Dlwj, ) — Diai, ) (2)

Dy = 5 (D@, ) + Dl(w:, 2) = Dy 2) g

Dyij = 3 (D(wi, ;) + D(zy, Z) - Dlai, 7)) (4)
EMWS. 2L, 22T 2%, D(ai, Z) = -y i(xi,xj).

]:

3 Neighbor-Net %
Neighbor-Net 751, X LOERTSE D # A e L, D #FEBT2R7Mry vv—2%Hh$ 50
B THETH 5. NN EIIRD 2 DD R T v TS THEITT 5.
1) EEDTHRRT a2 8F 21TV, X O circular ordering ZHRET 5.
2) # circular split DEAZIET 5 HZITS.
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1. NNZEOKRAT v 7D A4 X =T K. circular ordering & & D #i7- R ELDEHH DR R FIRE L 72 553, B4 7 VI HE
mu, @i 7vik5.

4 REFE

REFETRE, "MEEOMSEREZEM OREREBX, RATBERVZ Y M Tk TE, /5 70DH
AE—HEITEES 3] ) WHEHLE. BREINERZRTICHIGT 2EHMICER LT, #ET 20K
BT PERET 5.

3. RAGEERL ARTEDOA X —IK.

HEE AWIRICHD, NI EOFEIH N LT EZ o LRSS AICE# WL ET, $.
MBI U TL IZE o L FIKIFRED R v N—=DF 2 IbBERTEHH L E T,
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