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Abstract

Trees are essential elements in natural environments, playing crucial roles not only in
environmental reconstruction and forest simulation but also widely in games, animations,
and film scenes, effectively creating atmosphere and enhancing immersion. However,
trees have intricate branching structures and dense canopies, making traditional manual
modeling methods both labor-intensive and inefficient for producing a large volume of
models. Consequently, developing a modeling approach that balances efficiency with ac-
curacy would significantly benefit the creation of practical and reusable tree model assets,

fulfilling the requirements of large-scale generation and diverse applications.

This study proposes a procedural tree modeling method combining Structure-from-
Motion (SFM) technology and L-systems. First, point clouds are reconstructed from
multi-view images, and irrelevant points are filtered out to isolate tree regions. Then, the
AdTree algorithm is applied to extract initial skeletal structures and construct preliminary

tree models. Considering the sensitivity of AdTree to noise and uneven leaf distribution—
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which can result in excessively dense or unnatural end branches—this research further em-

ploys rule-based pruning to eliminate anomalous structures. Additionally, the L-system

is introduced to generate natural fine branches and leaf distributions based on specific

tree characteristics, improving structural rationality and visual realism. Moreover, to ad-

dress missing point cloud data due to insufficient viewpoints, existing branches can be

converted into reusable L-system subtrees, allowing users to select nodes for seamless

integration and completion. Finally, the complete tree structure is exported as editable

three-dimensional mesh models (e.g., .obj), suitable for various virtual scenarios, demon-

strating the flexibility and practicality of this modeling method.

Keywords: Point Cloud, L-system, 3D Reconstruction, Tree- Modeling, Structure-from-

Motion, Computer Graphics
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2.1 Structure From Motion
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2.2.1 Simple Tree
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2.2.2 AdTree
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Table 2.1: Lsystem # * {54

P | i

F Forward

+ | Turn left by a specific angle

- Turn right by a specific angle

& | Pitch up by a specific angle

A Pitch down by a specific angle

\ Roll left by a specific angle

/ Roll right by a specific angle

[ push current state(position and angle)

] retreive prvious state




-~

L-system 35 ;% ¥ (S g i) 0 BHELE S 4210 BI225 & 2 2 S g
2% angle:30, axiom : X, rules : X=F[-X][+X]

iteration 1 : F[-X][+X]

iteration 2 : F[-F[-X][+X]][+F[-X][+X]]

iteration 3 : F[-F[-F[-X][*+X]][*+F[-X][*+X]]I[*+F[-F[-X][+XT[+F[-X][+X]]]

iteration 4 : %

VY

=3 i=4

Figure 2.2: Lsystem i i* § 5]



X5

F=F HRBAEFGE

3.1 MAEamid

AdTree F 52 R A% * 3 B AR B LIDAR 22 T4 > & A g »

d SFM B R enBh 2 pF > 7 i 2Rk p AR hBEE H|ET L A o A R s BE# &

AL ABETREZ FTRSERBE DL S FAERET R
AT ALBIA - HRFFRELPD AN AP AR EIU

Ik

LR ETE R R A ] -

. ﬁ;;])\: d SR & 4p * 2 SFM B R 2 B ifzg_,}?_

RN R U N GRS A R

3.2 FHEHRLPE

BOAERY R IREE LS APRY T - BT I RS
% (R3.1) > FHmp T L 7 A30rdr A > B K 308 (T4 R3.297 7 » fabeph ¢ L %
FHRBRLEFTRL O > BFEr LRR o A RILF RELEE >~ LA7TGUI
e~ R T FHREE GUIT & (B ERFHE AP A E) hng @

Ay s BRASLE R A T HRART -

9



I Main Window

Menu File Action View Test

¥ Scene ¥ Utils Panel
FPS : 139.7
orbit Free

F tree styler

Trim Tr Leaf Branch Twig

radius
Truncate Extract Connect
ig [right |lefE

SetForward

Figure 3.1: i #2;% 4 o

System
Initialization

- Process Input
(Mouse, Keyboard)

GUI Upate

e File Input

Logic Update

v

Scene Render

Figure 3.2: #2.;% 34 {7 1% B

10



FAMERP FRLSiE L0 dT e gt ming i
%g@ﬁMﬁﬁﬂﬂﬁ&igﬁ%é?#’i%ﬂ@F%

. JI* AdTree[5] /& B2 * #PfA 4 > (F 442 % %

CEA AR ERRRREF S AL BT PR LSRR TSR
BT SIE -

LB B R REE 1 dp LB

B & L-system HopftA A fenf PRS2 AT > REdp UHE R R (R E
BE) e P EMNCA R B o

D E R A g A e L T SRR T (mesh) BN NS R &2
ofBIFE o FREE 2 AR A B339 T

Adtree Trim Lsys compl.

Figure 3.3: £ & /5 42§ B

11



321 SFM A B ZR3

PR AEFRENES > 4P 2 2@~ Colmap #25% [14](SFM F %) jn
B @I FHRBEF 22T AP EBYRI T T (XY,Z0X0y,0ZLgb) ©

YoRI3.5970m o B o A PR & S RN P RAT A h0 e PHE Ok R A e B

Fen

Figure 3.4: 4 4p 5 =B RAptdiL & 2 = %

Figure 3.5: % colmap £ & {6 2. B 5 2

Wk

12



LEH P AR DB S TR 0 F LR T iE e R 1T M%%@ﬁuﬁ?%‘ﬁ%ﬁ% v LR
FUFTHERFDET o T AR BT 20 & 2 BB L RS P
B EL? A B o6 KNN x5 72 [2] (¢ MeshLab[ 1] Si& B4 &) & {7 1 58] >
R AT BT IopEd > ST S AR UG RA BRI

e -

322 RIBBEARF IR REH

Kqmdipit A BEZ 5 d AdTree #4258 g2 (5 0 § 73] - PLY #h > 54255 g2 2

T E-d - B EIRRB (No-Cycle) gty » Thbk Bl - 2t ? o Ba e
FRIMBELETR

Figure 3.6: ¢ AdTree B~172 # 28 (#* B2 T4k p Adtree F#L &)

AFTF KT p 3T eh Tree ¥ TreeNode TR g > * k&% 15 L AdTree #7145~
2 B A S IEE T oA BT s i S L-system 302~ F pRd i - 2
BB Lo 1E (Feop FALBE RS ) F BEBEFE TR EE LT VR
BARIMANE LE AR B RET A A B S P

EB T AL o

13



struct TreeNode {

int id;

int depth;
vector3 position;
float radius;
bool isTrunk;
TreeNode* parent;

vector<TreeNode*>

children;

Table 3.1: TreeNode % Jf#’éﬁﬂg

Wi |

id Integer

d ok Sup B VRN A fe & el — 2R Eg 0 1% id

% & BLOE s (map) T e 2 g 51

depth Integer

A B AR AT iR (root 3 10 LT iR

B ) o F B SRR = j‘%ﬁé

position | Vector3

A ) IR el e N ]

radius Float

Mz aEh (REE) felm > ¥ ANRAL I R
YR

isTrunk | Boolean

v

T 0E 5 Adpen- A > B AL R HIEE A&

parent TreeNode Pointer

Y

#F]réb—,'ti. Q a:ﬂ}émiﬂ oo F 5135 2] 5 nullptr

children | vector

e it F @B R LF I B ER
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struct Tree {

TreeNodex root;
vector<TreeNode*> Nodes;
vector<TreeNodex> LeafNodes;
vector<TreeNodex*x> BranchNodes;
vector<TreeNodex*x> TrunkNodes;

vector<TreeNodex*x> CommonNodes;

};
Table 3.2: Tree ;H#;mﬂg
i %A o
root TreeNode Pointer :Fﬂ o B e & ,i%b:}g i
Nodes vector EEaY T3 Bhedp i 0 T i i B 8 S
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BranchNodes | vector BEFOTF AR B TG A B S & gheng gl
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Algorithm 1 TreeNode Classification and Depth Assignment

Require: root (TreeNode)
Ensure: AllNodes, LeafNodes, BranchNodes, CommonNodes
1: if root is null then
2 return
3: end if
4: AllNodes, LeafNodes, BranchNodes, CommonNodes < ()
5: root.depth < 1
6: queue < {root}
7: while queue # () do
8:  current <— queue.dequeue()
9:  current.isTrunk <— False
10:  AllNodes + AllNodes U current
11:  depth < current.depth
12:  childCount <— current.children.size()
13:  if childCount == 0 then

14: LeafNodes < LeafNodes U current

15:  else if childCount == 1 then

16: CommonNodes < CommonNodes U current
17:  else

18: BranchNodes <— BranchNodes U current

19:  endif

20:  for all child in current.children do

21: child.depth <— current.depth +1

22: queue.enqueue(child)

23: end for
24: end while

WEAE LR FAERMOR I EEEBRA FEEHE R RBLWF

(BFS) » ¥V BER 4B Kby o & B & AL > § Lk 5 221 iz 88k

v~ 3 & 88 & AllNodes ° 1345+ & Bh¥icp » 3 5 F a8~ - L&A 2R &

Lo BEFRI SIFERK G CEEIFER - o 4B A B AJD o
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Algorithm 2 Trunk Identification Based on Radius and Direction Thresholds

Require: root (TreeNode), radiusThreshold, degreeThreshold
Ensure: TrunkNodes
1: if root is null then
2 return
3: end if
4: stack < {root}
5: TrunkNodes < {root}
6: while stack # () do
7: node < stack.pop()
8 if node has no children then
9

: continue
10:  end if
11:  if node has only one child then
12: TrunkNodes <— TrunkNodes U root
13: stack.push(child)
14: continue
15:  endif

16:  baseChild < child with largest radius

17:  maxRadius < baseChild.radius

18:  baseDir <— normalize(baseChild.position — node.position)
19:  trunkCount < 0

20:  for all child in node.children do

21: dir <— normalize(child.position — node.position)
22: cosAngle < dot(baseDir, dir)

23: rRatio <— child.radius / maxRadius

24: if 7 Ratio > radiusThreshold A cosAngle > cos(degreeThreshold) then
25: child.isTrunk < True

26: TrunkNodes <— TrunkNodes U child

27: stack.push(child)

28: trunkCount-++

29: else

30: child.isTrunk < False

31: end if

32:  end for

33: if trunkCount == 0 and baseChild exists then

34: baseChild.isTrunk < True

35: TrunkNodes <— TrunkNodes U baseChild

36: stack.push(baseChild)

37:  endif

38: end while
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Algorithm 3 Twig Pruning Based on Average Leaf Depth

Require: LeafNodes, TreeNode structure with parent/children
Ensure: Truncate all leaf paths significantly deeper than average
1: Initialize DepthMap < () {// map<TreeNode*, int>}
2: totalDepth, validCount < 0
3: for all leaf in LeafNodes do

4:  current < leaf

5:  depth< 0

6:  while current.parent exists do

7: depth < depth +1

8: current <— current.parent

9: if current.children.size() > 2 then
10: DepthMap([leaf] <— depth

11: totalDepth <+ totalDepth + depth
12: validCount <— validCount + 1
13: break
14: end if
15:  end while

16: end for

17: if validCount == 0 then

18:  return

19: end if

20: avgDepth < | totalDepth / validCount |
21: TruncateTargets < ()

22: for all (leaf, depth) in DepthMap do

23:  if depth > avgDepth then

24: overshoot <— depth — avgDepth

25: current <— leaf

26: for i = 0 to overshoot—1 do

27: if current has parent then

28: current <— current.parent

29: end if

30: end for

31: TruncateTargets <— TruncateTargets U current
32:  endif

33: end for

34: for all node in TruncateTargets do
35:  Truncate(node)
36: end for

21



A3E FUTEE AR M FLBF AT E SR AE SR

Yo

iw
po BRI - AR EE (TiEG A B SR ) T kgp S 0SB
twig depth » Fr PF# % 4v #7 5 twig depth i fr2? & 2hfic g > U3 E T3FR - B ¥
3¢ twig depth A2 % 3918 hf & 8 > 13453 A2 21384 (overshoot) & b ¥ iy %

BB R RS T d e r 2 o s Km 4L Truncate # (7 4%

PR AR R R aiE > X L ATEMARR TR

3.24 TFHEERERE

Rt
o
2
5
%
o

BRI Y B RAA Y R FLERY IR $ a2

P
=
|
it
<

o REENPBI TR FFEL o LA LGEFE > AP
TFEFRHEE Y P AT IR
L EORF ARt E8- B EF T L Leystem 3 8 (FE2 4> 1%

FHALRH P FF Loy R A 0 E o d FH A S A2 ATEBRELY
TR B e RipApisAR g p BT -

2. HFREN D L-string B R A FHEIEY RAA (FEZE T ZELITE S
Hi3F lfi’}fa"-ﬁp T%i__@—s"#g;u s 5|%“{‘{§§:}§ﬁv’}§§ﬁ ’*1'/47\4‘5\' "L’ﬁ-fg‘g—f”i
BREEUEADRE (GFEZO6)-

22



I PRI RELL  FRFRAFENL - REESHE T &
thoo BRI ARAe T [BEE T Y 3 Ad T o[y LE BT AR -[ER S

L-system ¥ ¢ > [fp T8 2 =+ 4 2 (TR S[R R 57 2242 ST di

T3] [ B R > 0 L ATE A

-~

— ’
Figure 3.9: £ * & ﬁf%f?ﬂ‘ TH A FE

23



Algorithm 4 L-System String Conversion from Tree Structure

Require: TreeNode node
Ensure: Return L-system formatted string from tree traversal
1: if node is null then
2:  return empty string
3: end if
4: result <— empty string
5: for all child in node.children do
6:  direction <— normalize(child.position — node.position)
7:  distance < length(child.position, node.position)
8:  yaw < atan2(direction.z, direction.x)
9:  pitch < atan2(direction.y, v/direction.z? + direction.z?)
10:  Convert yaw, pitch from radians to degrees
11:  orientation <— empty string
12:  if yaw > 0O then

13: orientation < orientation + ” + ” 4 yaw
14:  else if yaw < O then

15: orientation <— orientation + ” — 7 + |yaw|
16:  end if

17:  if pitch > 0 then

18: orientation < orientation + ’&” + pitch
19:  else if pitch < 0O then

20: orientation <— orientation + " + |pitch|
21:  endif

22:  forward < "F(” + distance + )"

23:  subTreeStr <— WriteToLstring(child)

24:  result « result + [ orientation + forward + subTreeStr ]
25: end for

26: return result

R ARG RS B > e e BB H g S E R T kg s B SRS
CHELz i8S MG 24 - fdy g & R 9 R EEHE D Losystem 4p 4 © ¥
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e Yaw (thénd ) &84 KT 5 F gggg > d atan2(d.z, d.x) 3+ 5 4
e Pitch (f=frd ) & 2hi 2% 2 a2 dd » d atan2(y, sqrt(d.x? + d.z?)) 1
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Algorithm 5 Create Twig for SubTree Connection

Require: TreeNode node, boolean rightSide
Ensure: Append a small side twig to the node for L-system connection
1: if node is null V node has no children then
2 return
3: end if
4: next < node.children[0]
5: trunkDir <— normalize(next.position — node.position)
6: twigLength < distance(node.position, next.position)
7: nodeToCam <— normalize(cameraPosition — node.position)
8: if rightSide is true then
9:  sideDir <— normalize(cross(nodeToCam, trunkDir))
10: else
11:  sideDir <— normalize(cross(trunkDir, nodeToCam))
12: end if
13: if length(sideDir) is nearly zero then
14:  return
15: end if
16: newTwigDir <— normalize(sideDir + trunkDir x 0.3)
17: newPos <— node.position + newTwigDir x twigLength x 0.6
18: newRadius - node.radius x 0.8
19: newTwig < new TreeNode(newPos, newRadius)
20: node.AddChild(newTwig)
21: newTwig.parent <— node
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Algorithm 6 Build Tree from L-System String

Require: Lstr, degreeDiff, distDiffPercent

Ensure: Reconstruct tree from L-system with randomness
1: randAngle < uniform(—degreeDif f, +degreeDif f)

2: randScale < uniform(1 — distDif f Percent, 1 4+ distDif f Percent)
3: Initialize empty stack for TurtleState
4: Create root node at origin with default radius
5: currentNode <« root
6: currentPos < origin
7: yaw, pitch <— 0
8: 10
9: while ¢ < length(Lstr) do
10: ¢ < Lstr[7]
11:  if ¢ =="F’ then
12: if Lstr[7 + 1] =="( then
13: dist «— ParseFloatFromParen(Lstr, 7)
14: end if
15: length <— dist x randScale()
16: yawRad < radians(yaw + randAngle())
17: pitchRad < radians(pitch + randAngle())
18: x < cos(pitchRad) x cos(yawRad)
19: y < sin(pitchRad)
20: z < cos(pitchRad) x sin(yaw Rad)
21: dir <— normalize(z, y, 2)
22: newPos < currentPos + dir x length
23: newNode < new TreeNode(newPos)
24: currentNode.AddChild(newNode)
25: currentNode <— newNode
26: currentPos <— newPos
27:  else if c ==+’ then
28: yaw <— ParseFloatFromParen(Lstr, 7)
29:  elseif c =="’-’ then
30: yaw <— — ParseFloatFromParen(Lstr, 7)

31: else if c == &’ then
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32: pitch < ParseFloatFromParen(Lstr, 7)

33:  elseif c ==’ then

34: pitch <— — ParseFloatFromParen(Lstr, 7)

35:  elseif c =="[" then

36: Push (current Node, currentPos, yaw, pitch) to stack
37:  elseif c =="] then

38: Pop (currentNode, current Pos, yaw, pitch) from stack
39:  endif

40: 14— 1+ 1
41: end while
42: return root

HEZEOF T - BE G SR 1 L-system 2§ F (Parser) o #- L-string

# 3% 2 4 TreeNode 1 & chphig 4 FepFde » 3 REDSEISS R > WHE D A7 &
AA L2 Rple % T & & g B, (Turtle Graphics) R 32 Kk i& 7 f2 47 - *
— 1% TurtleState 3 8 % £ 48 & £ w i $] o & = jRi7T F4p £ pF > 19950 5 %

g & & (yaw, pitch) 22 %0 T R4 (dist) 3+ 8 D xTenaghiz ¥ > T kg Sdc
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degreeDiff {= distDiffPercent 51 » & & fr& & + g8 & > ¥
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Algorithm 7 Connect L-System Subtree to Main Tree

Require: node, subtreeNode

Ensure: Attach subtree to node with correct orientation and offset
1: if node is null V node.parent is null \V subtreeNode is null then
2 return
3: end if
4: direction <— Normalize(node.position — node.parent.position)
5: subtree.SetToLocalSpaceOrigin()
6: subtree.SetForward(direction)
7: offset <— node.position
8: queue < empty queue

9: Push subtreeNode into queue

10: while queue is not empty do

11:  current <— queue.pop()

12:  current.position <— current.position + offset x 1.001

13:  for all child in current.children do

14: queue.push(child)

15:  end for

16: end while

17: node.AddChild(subtree)
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18: subtree.parent <— node
19: subtree <— null
20: SmoothRadius(node, 0.8)

WEET 0 * TS A (subtree) 26 I MG HEBHROESEE - F TR ik A

A
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% 8) o

Algorithm 8 Smooth Branch Radius from a Node
Require: startNode, ratio
. if startNode is null then
return
end if
baseRadius < startNode.radius
Call RecursiveSmooth(startNode, ratio, baseRadius, 0)

—_—

Function RecursiveSmooth(currentNode, ratio, baseRadius, depth):
if currentNode is null then

return
10: end if
11: currentNode.radius < baseRadius X ratio
12: for all child in currentNode.children do
13:  Call RecursiveSmooth(child, ratio, baseRadius, depth+1)
14: end for

depth

b EBEREL S IR ATy /’F'}%@m i JARE: g/fdﬂ eha BV o i ey Ay
@R TR BRI kIR R KRR b RS ERRARE S L

AR Rk o
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Algorithm 9 Generate Tree Mesh using Parallel Transport Frames

Require: path: a list of TreeNode, each with position and radius
Require: segments: number of sides per circular cross-section
Ensure: mesh: a triangle mesh representing the branch

1: if length(path) < 2 then

2:  return an empty mesh

3: end if

4: Initialize an array frames of size equal to path length

5: for i = 0 to length(path) —2 do

6:  po < path[¢].position, p; < path[¢ 4 1].position

7. Ty < normalize(p; — po)
8
9

if 2 = 0 then
Choose reference vector ref: (0,1, 0) if not parallel to 77, otherwise (1,0, 0)
10: N < normalize(T; X ref)
11: B < normalize(7; x N)
12: frames[0] < (7, N, B)
13:  endif

14: Ty < frames[:].tangent, Ny < frames[z].normal
15: U<—TOXT1,C<—T0'T1,S<—||UH
16: if s < ¢ then

17: Ny« Ny

18:  else

19: axis < normalize(v)

20: 6 < arctan 2(s, ¢)

21: N; < Rodrigues(Ny, axis, 6)
22:  endif

23: By < normalize(T} x Ny)

24:  frames[i + 1] « (T3, N1, By)

25: end for

26: Initialize empty list of circles

27: for ¢ = 0 to length(path) —1 do

28:  center <— path[i].position, < path[7].radius
29:  Retrieve frame ati: (T, N, B)

30.  for j = 0 to segments —1 do

31: 0 < 2w - j/segments

32: of fset <1 - (cos@ - N +sinf - B)
33: Add (center + of fset) to circle

34:  end for

35:  Append circle to list of cross-sections
36: end for

37: for © = 0 to length(path) —2 do
38:  bot < circle[], top < circle[z + 1]
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39:  po < path[:].position, p; < path[i + 1].position
40:  for j = 0 to segments —1 do

41: n < (j+1) mod segments

42: Construct quad: vy = top[j], v1 = top[n],ve = bot[n], v = bot]j]
43: Add triangles (vg, v1,v2) and (vg, v2, v3) to mesh.positions

44: Compute normals as directions from p; or py to each vertex

45: uy < TexRepeat - j/segments

46: uy < (n == 0)?TexRepeat : TexRepeat - n/segments

47: Add texture coordinates (UVs) for the 6 vertices of the two triangles
48:  end for

49: end for

50: return mesh
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