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1. Graph Attention Networks(1)
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1. Graph Attention Networks(2)
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2. Multi—-Head Attention(1)

. RNN9J o
- Long—term dependency problem = H|°o|g 2] o] HAs+A
- Parallelization 27} 2 & A4 &

- Attention
- Query : & SR} oHe 4
- Key : o]1] gko] B o4
- Value : %
- 59| Query®l tisiA Z} Key2te] FAIEE HIF 2 =2 ValueE ALt

- Transformer model
- Attention= 2-85to] RNN| &3l sl 23 24
- sequence dataol|lA A& A7} A AR Zro] &8st 4 9le
- Masking& &85} Parallelization®] 7}5
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2. Multi—Head Attention(2)

- Attention AAHe] F5F
- Dot product attention : Luong et al.(2015)

- Scaled dot product attention : Vaswani et al.(2017)

- Multi—-Head Attention

- dukA Q1 Attention®] Al4tol= Query(Q), Key(K),
Value(V)7} & Al ol argument® 5017

- Q, K, VEMZ HE 72 JE= Hote] HE —

RPN Lk S T
- Transformer model°]| A4]+= Scaled dot product
AttentionS A& B ————
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3. Graph Attentional Layer

- GAT ZRto]] A4 A A-8== Layer NG A 2] HE
R - i
@ e;; = LeakyReLU(Wh;, Wh;) ORI ET R
- E it £ E jo| coefficientE T+5t= A - F:ZF L& 9] Feature &=
-output : Fx F 37[2] A - F : Length of Hidden Layer

exp(e;j)
ZkeN(i) exp(ejk)

@) a;; = Softmaxj(eij) =

- olEl M = 5= A
- 0| 22 ™A coefficient & & ¢;; 7t A X|5t= H| &
-output : Fx F 37[2] A

7 ) D1 y
- O{HIM o E HIEIO 2 FeatureE +&

- K7H 2| Attention Network2| concat2| Multi-Head
Attention= = S&H E AlE2E

-output : Kx F* 37| 2| #l &
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4. GAT vs GCN(1)
- GCN¥} GraphSAGE—E— o1 L9 Features 12 AR

1
MY = g z wORD
Cij

JEN(D)
. N(l) . Ol;g EI:.]:_—] 11‘5‘1-(}].7] X]-/\]O] ;]1!'_01'% _/_'\_ %%)

sy A E FZO| e et S
e 0 : _QJ-/x:l o]-/\ (RCLU)

- WO : Feature TransformationS $]3F 28 7}5=%] i€
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4, GAT vs GCN(2)
- GATE: 914 L E 9] AttentionS 6] ALE
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4. GAT vs GCN(3)

I LBV AR TE SR EE 7
- Model Capacity7} 74
TZ A= =2o] H

- Attention Mechanism& FE21d T2 & sh50] 715
- AA 2= X0 et %‘3%01 0ge X
- Inductive Learning 75

AR BPOA 1Y =EE AR P 7

|
- GraphSAGE+= k7| 9] o] &= F&olB 2 FE5 & o]l kA Aggregation
o G&o] FHY F U
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5. DGL(Deep Graph Library)

- Graph Deep Learning¥t #H o 2] 7| 552 HolE gholH
=

- https://github.com/dmlc/dgl/
- GCN / LGNN / GAT / Tree-LSTM5-9] thofst 2d-& 2| ¢

- Pytorch / Apache MXNeto| A 45
= . .
© DGL-LifeSci DGL-KG
0
S
_§- Granh NN GNN Message-Passing Graph
iG] rap Modules Interface Algorithm
o
Q
e DGL Runtime
o
g
= PyTorch MXNet TensorFlow
[as]
£
LE GPU(s) CPU Cluster
a
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5. DGL(Deep Graph Library)

- A 3HA

- Windows 10

- Anaconda Prompt(Admin) 4.10.3
- Python 3.9.6 (3.6 o] &)

- DGL 0.7.0

- DGL AXA]

- conda install pytorch torchvision torchaudio cudatoolkit=10.2 —c pytorch

- pip3 install torch==1.9.0+cu102 torchvision==0.10.0+cu102
torchaudio===0.9.0 —f https://download.pytorch.org/whl/torch_stable.html

- conda install —c dglteam dgl
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6. Citation Network Dataset

- Citation Network Dataset
- Directed Graph €| €] g5 H|o|H
- Node : =&(Paper)
- Edge : A2B9] 7HAE =% A7l =& BoA Q&= &= ofnm|gd
- ol dlolE|Al-S F 771 9] Category = E2](Node C13331f1cation)

- FlolElAl %
- 2708 Nodes
- 10556 Edges
- # of Classes : 7
140 Train, 500 Valid, 1000 Test

- https://paperswithcode.com/dataset/citeseer
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6. Citation Network Dataset
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7. GATLayer

exp(e;j)
ZkeN(i) exp(eix)

7@ e;; = LeakyReLU(Wh;, Wh;)
@ a;; = softmax;(e;;) =

30 # GAT Layer 1% 77 ) DL
31 class GATLayer (nn.Module) : ® hi =0 (ZJEN(i) aij wi )hf)
32 E def init (self, g, in dim, out

33 super (GATLayer, self). inj

34 self.g =g

35 self.fc = nn.Linear _dim, out dim, biag=False)

36 # coefficients 3§

37 # equation (1)

8 self.attn fc = nn.Linear(2 * out dim,/l1, bias=False)

39 - self.reset parameters()

410
41 [ def reset parameters(self):
42 """Reinitialize learnable parametgrs."™"
43 gain = nn.init.calculate gain('zf
44 nn.init.xavier normal (self.fc.Wweight, gain=gain)
45 - nn.init.xavier normal (self.attn fc.weight, gain=gain)
46
47 [H def edge attenticon(self, edges):

g # edge UDF for equation (1)
49 z2 = torch.cat({[edges.src['z'], edges.dst['=z"]], dim=1)
50 a = self.attn fc(z2)
51 B return {'=': F.leaky relu(a)}
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’7. G ATL ay er @ e;; = LeakyReLU(Wh;, W@p(eij)

@ a;; = softmax;(e;;) =
H f ]( ”) ZkeN(i) exp(eik)

- Dy 7
@ hi =0 (ZjEN(i) al(])W(l)h])

53 é def message func(self, edges):

G4 # message UDF for eguation (2) & (3)

L5 - return {'z': edges.src['z"], '=': edges.datal['="]}
56

57T H def reduce func(self, nodes):

5a # reduce UDF for equation (2) & (3)

5G9 # mailbox¥ HEE coefficientE softmax® aggregate
60 # egquation (2)

61 alpha = F.softmax (nodes.mailbox['='], dim=1)

62 # equation (3)

63 h = torch.sum({alpha * nodes.mailbox['z'], dim=1)
o4 = return {'h': h}

65

66 H def forward(self, h):

67 # 2t LC A0|9] EA SHOO|E

a8 z = self.fc(h)

&9 self.g.ndata['z"] = =

70 # equation (1)

71 # cosefficient M

72 self.g.apply edges(self.edge attention)

73 # equation (2) & (3)

74 # attention propagation

75 self.g.update_all(self.message_ func, self.reduce_ func)
16 - return self.g.ndata.pop('h')
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8. MultiHead GATLayer

o
o
i}
o
i}
o
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o
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o
o
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-
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-
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-
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-
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# GATLayer ZS4AE U222 Multi-Head AttentiongE 38
Eclass MultiHeadGATLayer (nn.Module) :

L

]

1 def init (self, g, in dim, ocut _dim, num heads, merge='cat'):
2 super (MultiHeadGATLayer, self). init ()

3 self.heads = nn.ModuleList ()

4 [H for 1 in range (num heads) :

5 - self . heads.append(GATLayer (g, 1n dim, out dim))

e - self . merge = merge

i)

8 H def forward(self, h):

9 head outs = [attn head(h) for attn head in self.heads]

o [ if self.merge == 'cat':

# concat on the output feature dimension (dim=1)
return torch.cat (head outs, dim=1)
= else:
# merge using average
-~ return torch.mean(torch.stack(head cuts))

==

[
T

{0 [ -y Y
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8. GAT

z

class GAT (nn.Module) :

def

__init (self, g, in dim, hidden dim, out dim, num heads):

super (AT, self). init ()

self.layerl = MultiHeadGATLayer (g, in dim, hidden dim, num heads)
# Be aware that the input dimension is hidden dim*num heads since
# multiple head outputs are concatenated together. Also, only

# one attention head in the ocutput lavyer.

self.layerZ = MultiHeadGATLayer (g, hidden dim * num heads,

out dim, 1)

forward(self, h):

h = self.layerl (h)
h = F.elu(h)

h = self.layerZ (h)
return h
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9. Dataset Loading

112 # citeseer dataZ Ef2ot= Tt:

1132 [Hdef lcad cora data():

114 data = citegrh.load coraf()

115 features = torch.FloatTensor (data.features)

11& labels = torch.LongTensor (data.labels)

117 mask = torch.BoolTensor(data.train mask)

118 g = DELGraph(data.graph)

119

120 # draw citeseer graph

121 H e

122 nx G = g.to_networkx() .to_undirected()

LA pos = nx.kamada kawai layout (nx G)

124 nx.draw(nx G, pos, with labels=False, node size = 1,
node color='"#00b4d2', width=0.3)

125 plt.savefig("data viz.png",dpi=3 |

126 5 e

127 - return g, features, labels, mask

128

129 g, features, lakels, mask = load cora dataf()

130

131 # create the model, 2 heads, =ach head has hidden size 8§

132 net = GAT(qg,

133 in dim=features.size()[1],

134 hidden dim=E&,

135 out_dim=7,

136 hum heads=Z)

137

138 # create optimizer

139 optimizer = torch.optim.Adam(net.parameters(), lr=le-3)
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10. Main Routine

141 # main loop

142 dur = []

143 epoch arr = []

144 loss arr = []

145 Efcr epoch in range (30) :

14 if epoch >= 3:

147 = t0d = time.time ()

148

149 logits = net (features)

150 logp = F.log softmax(logits, 1)

151 loss = F.nll loss({logplmask], labels[mask])

152

153 optimizer.zero grad()

154 loss.backward()

155 optimizer.step()

156

157 H if epoch >= 3:

158 - dur.append(time.time () - t0)

159

1e0 pred = np.argmax (logp[mask] .detach() .numpy (), axis = 1)

16l answ = labels[mask] .numpyv ()

12 acc = np.sum([1 if pred[i] == answ[i] else 0 for i in range(len{pred
Y11) / len{pred) * 100

163

led epoch arr.append (epoch)

165 loss arr.append(loss.item())

lee

167 print{"Epoch {:05d} Loss {:.4f} Accuracy {:.2f}% Time (s)

= {:.4f}" . format (epoch, loss.item{), acc, np.mesan{dur)))
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11. OpenMP Error

OMP: Error #15: Initializing Iib

9l
- -

Aol AL E]= OpenMP gto]He g7t 2B 02 SEE o] J7|L BA
Sf| -4 HH

OS & HS F7}
os.environ[ KMP_ DUPLICATE_LIB OK']="True'
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12. A At

Epoch 00000 | Loss 1.9452 | Accuracy 17.86% | Time(s) nan
Epoch 00001 | Loss 1.9431 | Accuracy 22.14% | Time(s) nan
@ Case 1 Epoch 00002 | Less 1.9410 | Accuracy 26.43% | Time(s) nan
Epoch 00003 | Loss 1.9389 | Accuracy 35.71% | Time(s) 0.1008
. EpOCh 30 Epoch 00004 | Loss 1.9368 | Accuracy 40.71% | Time(s) 0,1037
Epoch 00005 I Loss 1.9347 I Accuracy 47.14% I TimeEs% 0.1081
. . —_ Epoch 00006 | Loss 1.9326 | Accuracy 50.00% | Timels; 0,1032
- hidden_dim = 8 Epoch 00007 | Loss 1.9305 | Accuracy 55.00% | Time(s) 0.1055
. _ Epoch 00008 | Loss 1.9284 | Accuracy 60.00% | Time(s) 0.1033
¢ OUt_dlm =7 Epoch 00009 | Loss 1.9263 | Accuracy 61.43% | Time(s) 0,1033
Epoch 00010 | Loss 1.9241 | Accuracy 65.71% | Time(s) 0.1025
- num heads = 2 Epoch 00011 | Loss 1.8220 | Accuracy £9.29% | Time(s) 0.1032
- Epoch 00012 | Loss 1.9199 | Accuracy 73.57% | Time(s) 0.1027
Epoch 00013 | Less 1.9177 | Accuracy 75.00% | Time(s) 0,1023
Epoch 00014 | Loss 1.9156 | Accuracy 77.86% | Time(s) 0.1021
Epoch 00015 | Loss 1.9134 | Accuracy 80.00% | Time(s) 0.1018
e Result 1 Epoch 00016 | Loss 1.9112 | Accuracy 80.00% | Time(s) 0.1012
Epoch 00017 | Loss 1.89090 | Accuracy 82.14% | Time(s) 0.1019
- Loss 1.8821 Epoch 00018 | Loss 1.9069 | Accuracy 83.57% | Time(s) 0.1018
. Epoch 00019 | Loss 1.9047 | Accuracy 85.00% | Time(s) 0.1020
Epoch 00020 | Loss 1.89024 | Accuracy 85.71% | Time(s) 0.1020
-+ 92.14% Accuracy Epoch 00021 | Loss 1.8002 | Accuracy B87.14% | Time(s) 0.1018
Epoch 00022 | Loss 1.8380 | Accuracy 87.86% | Time(s) 0.1021
Epoch 00023 | Loss 1.8958 | Accuracy 89.29% | Time(s) 0.1013
Epoch 00024 | Loss 1.8935 | Accuracy 90.00% | Time(s) 0.1016
Epoch 00025 | Loss 1.8913 | Accuracy 90.71% | Time(s) 0.1016
Epoch 00026 | Loss 1.8890 | Accuracy 932.14% | Time(s) 0.1014
Epoch 00027 | Loss 1.8867 | Accuracy 92.14% | Time(s) 0,1015
Epoch 00028 | Loss 1.8844 | Accuracy 92.14% | Time(s) 0.1012
Epoch 00029 | Loss 1.8821 | Accuracy 92.14% | Time(s) 0.1010
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12. A At

1.95 A
80 | 1.94 A
1.93
60 A
1.92 41
40 - 1.91
1.90 A
201
1.89
[IJ é 1IO 1'5 2|0 2|5 Bb 6 é 1I0 1I5 2IO 2I5 3IO
epoch-accuracy graph of Case 1 epoch-loss graph of Case 1
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23}

“

- Case 2

Epoch 30

- Result 2
- Loss 1.8527
+ 96.43% Accuracy

hidden_dim = 8
out_ dim =7
num_heads = 4

Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epach
Epoch
Epoch
Epach
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epoch
Epach
Epoch

Epoch
Epoch
Epoch
Epoch

00000
00001
00002
00003
00004
00005
00006
00007
00008
00003
00010
00011
00012
00013
00014
00015
00016
00017
00018
00019
00020
00021
00022
00023
00024
00025
00026
00027
00028
00029
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Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss

—_— otk ot ol ek it el ek b b ek o o ok B ok i B —d i b —d i ok —d —d ok ok i |

.9470
.9439
.5408
9377
9346
.9315
.3264
.9253
9222
.9190
.9159
127
.9086
.9064
.9032
.9000
.B967
.8935
8302
.5869
.8836
.B803
.B769
8735
8701
.BB67
.B633
.5998
.8963
8527

Accuracy 8.57% | Time(s) nan

Accuracy 15.00%
Accuracy 21.43%
Accuracy 30, 00%
Accuracy 40.00%
Accuracy 50, 00%
Accuracy 99, 00%
Accuracy B2.86%
Accuracy 10, 00%
Accuracy 79.71%
Accuracy 79.29%
Accuracy 81.43%
Accuracy B82.86%
Accuracy 85.00%
Accuracy 89.00%
Accuracy B7 . 14%
Accuracy 87.86%
Accuracy 899.29%
Accuracy 89.29%
Accuracy 90.71%
Accuracy 91.435%
Accuracy 93.57%
Aocuracy 93.57%
Accuracy 93.57%
Accuracy 93.57%
Accuracy 94.29%
Accuracy 95 . 00%
Accuracy 95.00%
Accuracy 95.71%
Accuracy 96.43%

Time(s) nan

Time(s) nan

Time(s) 0.1616
Time(s) 0.1656
Time(s) 0.1676
Time(s) 0.1688
Time(s) 0.1692
Time(s) 0.1684
Time(s) 0.1673
Time(s) 0.1674
Time(s) 0.1696
Time(s) 0,1702
Time(s) 0.1705
Time(s) 0.1696
Time(s) 0.1694
Time(s) 0.1694
Time(s) 0.1698
Time(s) 0.1692
Time(s) 0.1692
Time(s) 0.1688
Time(s) 0.1689
Time(s) 0.1686
Time(s) 0.1685
Time(s) 0.1685
Time(s) 0.1685
Time(s) 0.1686
Time(s) 0.1684
Time(s) 0.1682
Time(s) 0.1684
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12. A At

1.94
80 A
1.92 1
60 A
1.90 4
01 1.88 -
20 4 1.86 -
; S T 15 2 25 ; S T 15 2 25
epoch-accuracy graph of Case 2 epoch-loss graph of Case 2
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12. A At

Epoch 00475 | Loss 0.1145 | Accuracy 100.00% | Time(s) 0.1694
° Case 3 Epoch 00476 | Loss 0.1138 | Accuracy 100.00% | Time(s) 0.1694
Epoch 00477 | Loss 0.1131 | Accuracy 100.00% | Time(s) 0.1694
- Epoch 500 Epoch 00478 | Loss 0.1124 | Accuracy 100.00% | Time(s) 0.1634
Eooch 00400 | Loos 0:1110 | Aocuracy 100°008 | Tinece) 0:1804

. hi : = pPOC oss 0. curacy 100, imels) 0.
hidden_dim = 8 Epoch 00481 | Loss 0.1104 | Accuracy 100.00% | Time(s) 0.1695
. out dim = 7 Epoch 00482 | Loss 0.1087 | Accuracy 100.00% | Time(s) 0.1635
: an | =le B gk s e

. — pOC oss 0. curacy . ime(s) 0.
num_heads = 4 Epoch 00485 | Loss 0.1078 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00486 | Loss 0.1071 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00487 | Loss 0.1065 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00488 | Loss 0.10589 | Accuracy 100.00% | Time(s) 0.1695
- Result 3 Epoch 00489 | Loss 0.1052 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00430 | Loss 0.1046 | Accuracy 100.00% | Time(s) 0.1695
- Loss 0.9992 Epoch 00491 | Loss 0.1040 | Accuracy 100.00% | Time(s) 0.1695
' oo 00403 | Loos 0/108 | Aocracy 100°008 | Tinets) 01008

POC oss 0. curacy . ime(s) 0.
- 100.00% Accuracy Epoch 00434 | Loss 0.1022 | Accuracy 100,00% | Time(s) 0.1695
Epoch 00495 | Loss 0.1016 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00436 | Loss 0.1010 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00437 | Loss 0.1004 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00438 | Loss 0.0938 | Accuracy 100.00% | Time(s) 0.1695
Epoch 00499 | Loss 0.0992 | Accuracy 100.00% | Time(s) 0.1695
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12. A At

100 2.00 1
(_/ 1.75 A
80 1 1.50 A
1.25
60
1.00
0.75 A
40 4
0.50 A
20 0.25
0 100 200 300 400 500 0 100 200 300 400 500
epoch-accuracy graph of Case 3 epoch-loss graph of Case 3
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13. SOTA a3}

- Citeseer Dataset

Node Classification on Citeseer

Leaderboard Dataset

ACCURACY

20

80

70

a0

50

30

View | Accuracy v by | Date v| for | All models v

SplineCHMN ModeMet S5P

GAT

Chebhet GCN
Planetgid-1
"

Jul*15 Jan'17 Jul'17 Jan'l8 Jul'18 Jan"19 Jul'19 Jan*20 Jul'20 Jan'21 Jul'21

Other models  -»- Models with highest Accuracy
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13. SOTA @&t
- GAT(Cora Dataset)

Node Classification on Cora

Leaderboard Dataset
View | Accuracy v by Date v | for | All models v
86 =
GResNet{GAT)
a5
-
()
2 GAT (DGL)
= B4
()
(%)
=
GAT hpGAT
83 —@—
82
Mov'17 Jan'1a Mar'18 May '18 Jul'1a Sep'18 MNow '18 Jan'1% Mar'19 May 19 Jul"1% Sep'1®

Other models - Models with highest Accuracy
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13. SOTA @&t
- GCN(Cora Dataset)

Node Classification on Cora

Leaderboard Dataset

£

View | Accuracy v| by | Date v | for | All models

72

55P

” /
GCN-LPA

38 AS-GCN

gé

ACCURALCY

34
N-GEN

82 GEM,/

a0

78
Jan'17 Jul'17 Jan'1d Jul'1s Jan'1% Jul'19 Jan'20 Jul'20

Other models - Models with highest Accuracy

Filter: Edit Leaderboard
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networks—d41led52e5ble
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