A Appendix

A.1 Dataset Statistics

We conduct experiments on four benchmark graph datasets, including Cora, Pubmed, Coauthor-
Physics and Ogbn-arxiv. They are widely used to study the over-smoothing issue and test the
performance of deep GNNs. We use the public train/validation/test split in Cora and Pubmed,
and randomly split Coauthor-Physics by following the previous practice. Their data statistics are
summarized in Table

Table 3: Data statistics.

Datasets }# Nodes # Edges # Classes# Features# Train/Validation/Test nodes Setting
Cora 2,708 5,429 7 1,433 140/500/1,000 Transductive (one graph)
Pubmed 19,717 44,338 3 500 60/500/1,000 Transductive (one graph)
Coauthor-Physics| 34,493 247,962 5 8,415 100/150/34,243 Transductive (one graph)
Ogbn-arxiv  [169,3431,166,243 40 128 90,941/29,799/48,603  Transductive (one graph)

A.2 Baselines

To validate the effectiveness of the Dirichlet energy constrained learning principle and our EGNN on
the node classification problem, we consider baseline GCN and other state-of-the-art deep GNN’s
based upon GCN. They are summarized as follows:

* GCN [15]. It is mathematically defined in Eq. (I, which learns the node embeddind by simply
propagating messages over the normalized adjacency matrix.

» PairNorm [23]. Based upon GCN, PairNorm is applied between the successive graph convolutional
layers to normalize node embeddings and to alleviate the over-smoothing issue.

* DropEdge [29]. It randomly removes a certain number of edges from the input graph at each
training epoch, which reduces the convergence speed of over-smoothing.

* SGC [45]. It simplies the vanilla GCN by removing all the hidden weights and activation functions,
which could avoid the over-fitting issue in GCN.

* Jumping knowledge network (JKNet) [27]. Based upon GCN, all the hidden node embeddings
are combined at the last layer to adapt the effective neighborhood size for each node. Herein we
apply max-pooling to combine the the series of node embeddings from the hidden layers.

* Approximate personalized propagation of neural predictions (APPNP) [50]]. It applies per-
sonalized PageRank to improve the message propagation scheme in vanilla GCN. Furthermore,
APPNP simplifies model by removing the hidden weight and activation function and preserving a
small fraction of initial embedding at each layer.

* Graph convolutional network via initial residual and identity mapping (GCNII) [28]. It is an
extension of the vanilla GCN model with two simple techniques at each layer: an initial connection
to the input feature and an identity mapping added to the trainable weight.

A.3 Implementation Details

For each experiment, we train with a maximum of 1500 epochs using the Adam optimizer and early
stopping. Following the previous common settings in the considered benchmarks, we list the key
training hyperparameters for each of them in Table[d] All the experiment results are reported by the
averages of 10 independent runs.

A4 Lower Limit Setting

We carefully choose the lower limit hyperparameter cp,;, from range [0.1,0.75] for each dataset
based on the classification performance and Dirichlet energy on the validation set. Note that we have
the residual connection strengths o and 8 which satisfy constraint: o 4+ 8 = cpin. Specially, we use
Cmin Of 0.2 (layer number K < 32) and 0.15 (K > 32) in Cora, where «, 8 = 0.1 in all the layer
cases. We use ¢y of 0.12 (K < 32) and 0.11 (K > 32) in Pubmed, where 8 = cyjn and a = 0.
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Table 4: The training hyperparameter settings in benchmarks.

Dataset | Dropout rate Weight decay (L2) Learning rate # Training epoch
Cora 0.6 5-1071 5-1073 1500
Pubmed 0.5 5-107* 1-1072 1500
Coauthor-Physics 0.6 5-107° 5-1073 1500
Ogbn-arxiv 0.1 0 3-1073 1000

We apply cpin of 0.12 in Coauthor-Physics, where 3 = 0.1 and o = 0.02. We apply ¢y and 3 of
0.6 and 0.1 when K < 32, respectively; we make use of ¢y, and 5 of 0.75 and 0.25 if K > 32,
respectively. In these two cases, the residual connection strength « to the last layer is 0.5.

A.5 Proof for Lemma 1
Lemma 1. The Dirichlet energy at the k-th layer is bounded as follows:

(1= A% BOCE) < BOXD) < (1= 0) s, BX*).

Proof. By ignoring the activation function, we obtain the upper bound as below.

E(X®) = pPx*-Dw k)
= tr((PXE=DWENTA(PX E-Dy(k)))

_tr((PXk 1>)TA(15X<’< 1>)W< J(WENT)
< w((PXED)TAPX D)) 00 (W (WW)T)
— r((PX )T A(PX D)),

(1, = B)XE=DJTA[(L, — A)X E=D]) sl

(X<k NTA(IL, — A)2X 1))
1= Ao)2tr((X D) TAX k=15

(
(1= o)) E(X*-=D).

Omax(+) denotes the maximum eigenvalue of a matrix, and P = I,, — A. Since tr(XTAX) >
0, where X € R™*? is a feature matrix, we can obtain the inequality relationship:
tr( X TAXWE(WENT) < tr(X TAX)omax (WE (WE)T), In a similar way, we can also get
the upper bound of (1 — A())zsfnsz(X(kfl)).
Similarly, we derive the lower bound as below.

E(X®) _E(~X(k 1)w(k))
( IWR)TA(PX =D k)
(PXk D) TA(PXED)) gy (WE (W )T
— w((PX*-D)TAPX(-D))s®)
w(XED)TA(L, — A2x¢=D)s8)

> (1= A)2ur((X D) TAX =D)s00)
= (1= X)2s0, B(X (D),

A.6 Derivation of Proposition 2

All the trainable weights at the graph convolutional layers of EGNN are initialized as the orthogonal
diagonal matrices. At the first layer, the upper bound of Dirichlet energy is given by SS;XE (X (0)).
Given constraint SSAXE(X(O)) = Cmax (X(O)) we can obtain W) = V/Cmax * 1q. The square
singular values are then restricted as: sfil)n = sgﬂx = Cmax- For layer k > 1, we further relax
the upper bound as: smaXE(X(k D) ) < H s,(fu)ix (X(O)). Note that sr(%;x = Cpax at the first
layer. Given constraint H SO B(XO) = cmaxE(X(O)) we can obtain weight W (*) = ;. The

. k k
square singular values are restricted as: sfm)n = s](mgx =1, and H =1 sfrjﬁ)m = Cmax-
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A.7 Proof for Lemma 3

Lemma 3. Based on the above orthogonal initialization, at the starting point of training, the
Dirichlet energy of EGNN satisfies the upper limit at each layer k: E(X () < ¢, E(X ().

Proof. According to Lemma 2, the Dirichlet energy at layer & is limited as:

E(xX®) < s, E(X("' Dy
<H srmx (X (©)
= cmde(X(O))

A.8 Proof for Lemma 4

Lemma 4. Suppose that ¢pax > Cmin/(2¢min — 1)2. Based upon the orthogonal controlling and

residual connection, the Dirichlet energy of initialized EGNN is larger than the lower limit at each
layer k, i.e., E(X®) > cpin E(X 1),

Proof. To obtain the Dirichlet energy relationship between E(X*)) and F(X*~1), we first
expand node embedding X (*) as the series summation in terms of the initial node embedding X (),
We then re-express the graph convolution at layer k, which is simplified to depend only on node
embedding X (*~1). As a result, we can easily derive Lemma 4. The detailed proofs are provided in
the following.

According to Eq. (8)), by ignoring the activation function o, we obtain the residual graph convolution
at layer k as:
X® = [(1 = coin) PXED 4 o X *=D 4 gx O,
= [(1 = min) P + aL, ] X *-DWw k) 4 gx O3 k)
where I, is an identity matrix with dimension 7, and a3 = cpin. We define Q = (1 —cmin)I:’+oJ o
and then simply the above graph convolution as:

x (k) — QX(k 1)w(k)+5X () (10)

To facilitate the proof, we further expand the above graph convolution as the series summation in
terms of the initial node embedding X () as:

k) — Qkx () ﬁ w4 ﬂkzl(QiX(O) ﬁ W)
j=1 i=0 j=k—i
where the weight matrix product is defined as: Hle W@ 2 whwR ... wk and Q° £ I,,.
Notably, in our EGNN, the trainable weight W () at the first layer is orthogonally initialized as
diagonal matrix of \/Cmax - 14, while W) at layer j > 1 is initialized as identity matrix I,. Therefore,
the series expansion of X (*) could be simplified as:

xX® Wmaxcz + Byemm QT+ B2 QN X ©
k)X

2 \/emax@ + B\/CmaxIn at the case k = 1. Note that Z(*) is invertible if all the eigenvalues of
matrix () are not equal to zero, which could be achieved by selecting an appropriate o depending on
the downstream task. Let Z(¥) = [Z(®)]~1. We then represent the initial node embedding X (*) as:
X = Z® x®) Similarly, X(© = Z(*=D x(*=1 at Jayer k — 1. Therefore, we can re-express
the graph convolution at layer % in Eq. as:

x (k) — (Q+ ﬁj(k—l))X(k—l)W(k)
According to Lemma 1, the lower bound of Dirichlet energy at layer k is given by:

E(X®) > 22 (Q+ pZWD)st) p(x k-1,

min
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A2..(+) denotes the minimum square eigenvalue of a matrix. To get the minimum square eigenvalue,

we represent the eigenvalue decomposition of matrix Q as: Q = VAV ™!, where V € R"*" is
the eigenvector matrix and A € R™*"™ is the diagonal eigenvalue matrix. We then decompose

(Q+ BZ%=1) as

Q+BZ07Y = Q+ AvemmQ" ! + Ay/EumQ 2 + B35 Q) !
= VAV 4 BV (\/man AP 4 B /G AR 72 4 830,25 ATV L

Let \g denote the eigenvalue of matrix Q. Recalling @ = (1 — Cmin)P +al,and P21, — A.
Since the eigenvalues of P are within (—1, 1], we have —(1 — cpmin) + @ < Ag < (1 = ¢min) + < 1.
To ensure that () is invertible, we could apply a larger value of « to have —(1 — ¢iin) + @ > 0. The
square eigenvalue of matrix (Q + 3Z*~1) is

_ o Ak72
N (Q+BZH V) = (Mg + B(Vemaahy  + By/Cmaa iy + B—— AQQ )h)?
oo(\2 S(k—1) . .
It could be easily validated that 9log(A (Qazﬁ ZA) > 0. That means the square eigenvalue increases

with the layer k. Considering the extreme case of k — co, we obtain A\2(Q + $Z*~1)) — 1. Since
sl(fi)n = 1atlayer k > 1, we thus obtain E(X®)) > E(X* =) > ¢, E(X*~1) when k — c0.
In practice, since A\2(Q + 3 Z (k=1)) approximates to one with the increasing of layer k, the Dirichlet
energy will be maintained as a constant at the higher layers of EGNN, which is empirically validated
in Figure[T]

The minimum square eigenvalue is achieved when k = 1,1i.e., A2, (Q + BZO), where Z() = I,
and g is close to —(1 — ¢min) + o In this case, we obtain A2, (Q + 8Z©) = (2cmin — 1)%. At
layer k = 1, we have sfm)n = Cmax. SINce E(X(l)) > A2 (Q+ BZ(O))CmaXE(X(O)), to make sure
E(X (1)) > cminF (X (O)) at the first layer, we only need to satisfy the following condition:

mm(Q + ﬂZ )Cmax 2 Cmin
= Cmax Z cmln/(QCmin - 1)2

Note that the square eigenvalue is increasing with &, and s(k) =1 > cpax for layer k£ > 1. At the
higher layer & > 1, we have A2, (Q+B3Z*=D)s*) > A2 (Q 4+ BZ©)ep.y. Therefore, once the

min —

condition of ¢pax > Cmin/(2¢min — 1)? is satisfied, we can obtaln A2 (Q+ B2z~ D)s gfi)n > Crin
and E(X®) > ¢, B(X*=1) for all the layers k in EGNN.

A.9 Proof for Lemma 5

Lemma 5. Suppose that /Crpax > ﬁ Being augmented with the orthogonal controlling
and residual connection, the Dirichlet energy of initialized EGNN is smaller than the upper limit at
each layer k, i.e., E(X*)) < cpa B(X().

Proof. According to the proof of Lemma 4, we have X (k) = z(¥) x(0) Based on Lemma 1, the
upper bound of Dirichlet energy at layer & is given by:
E(X®M) <AL (ZW)E(X),

where A2, (-) is the maximum square eigenvalue of a matrix. According to the definition of Z(*)

and the eigenvalue decomposition of Q in the proof of Lemma 4, we decompose Z(*) as:

20 = (@ + By Q- LB Q)
= V(Vemax A" + By/enax AP 4+ B30 AV

Therefore, the square eigenvalue of Z(*) is given by:
Az(Z(k)) = (V cmaw)‘]é + B\/ Cmam)\é271 + ﬂﬁ){
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Table 5: The mean node classification accuracies and standard deviations in percentage on Cora and
Pubmed with various depths: 2, 16, 64. The highest accuracy at each column is in bold.

Datasets Cora Pubmed
Layer Num 2 16 64 2 16 64

GCN 82.52+£0.45 22.02+6.24 21.86+8.04 | 79.66+0.29 37.94+0.53 38.42+1.01
PairNorm | 74.46£3.13 44.23£7.26 14.22+1.93 | 73.84+£0.90 68.59+7.30 60.03+10.23
DropEdge | 82.73£0.60 23.64£7.61 25.18+£9.20 | 79.55+£0.50 45.92+7.14 39.97+1.14

SGC 75.68+0.04 72.10+0.00 24.10+0.00 | 76.05+0.05 70.20+£0.00 38.19+0.03

JKNet 80.84+0.66 74.54£3.72 70.01£7.66 | 77.15+£0.68 69.98+6.26 66.16+8.35
APPNP | 82.94+0.56 79.38+0.62 79.49+0.66 | 79.33+0.48 77.07+0.66 76.83+£0.90
GCNII | 82.42+0.45 84.55+0.43 85.44+0.58 | 77.49+1.91 79.83+0.56 79.94+0.33
EGNN | 83.18+0.24 85.36+0.35 85.71+0.55| 79.17+0.34 79.99+0.36 80.10+0.26

where A denotes the eigenvalue of matrix (). Recalling Q) £ (1- cmin)f:’ + a,, and pi I, — A.
The maximum square eigenvalue A2 _(Z(*)) is achieved when Aq takes the largest value, i.e.,
Ao = 0o = (1 — cmin)(1 — Xo) + @, where ) is the non-zero eigenvalue of matrix A that is most

_ 1-65~!
(ZWR)) = Cpax (08 + 505 1—1—%)2. To ensure that
E(X®) < cpax E(X©) for all the layers, we have to satisfy the condition of A2, (Z(*)) < ¢pax.

Since 6y > 0, we simplify this condition in the followings:

close to value 0. Therefore, we have A2,

A2 (Z0)) < epax

kL ekl | BO—6EY)

06 + 50 + aizay =1
B0 D o e

(1-05-B05 ")(1=0p) = V 0%
BA-03"") < o

(1*9§71(ﬁ+go))(1*90)_ max
BA—0~) -

(105 (1= (1—cmm)ho)) (1—f) — V “max

Note that 0 < (1 — (1 — cmin)Xo) < land 1 — 0571 <1 — 60871 (1 — (1 — cmin)Ao). The above
condition can be satisfied if % < {/Cmax. Note that 1 — 0y = (1 — ¢min)Ao + (. Therefore,
if \/Coax > m we obtain E(X (k)) < emaxE(X (O)) for all the layers in EGNN. Such
condition can be easily satisfied by adopting cpyax = 1.

Pl

A.10 Proof for Lemma 6
Lemma 6. We have E(o(X®))) < E(X®) if activation function o is ReLU or Leaky-ReLU [33].

Proof. Herein we directly adopt the proof from [33]] to support the self-containing in this paper. Let
c1, c2 € Ry, and let a, b € R. We have the following relationships:

|cra — cob| > |o(c1a) — o(c2d)]
= |c1o(a) — cao(b)].

The first inequality holds for activation function ¢ whose Lipschitz constant is smaller than 1,
including ReLU and Leaky-ReLU. The second equality holds because o(cx) = co(x), Ve € Ry and

)
J 2
3
(k)

j ’

2
z € R. Recalling the Dirichlet energy definition in Eq. @): E(X®)) = 1 3" q;]| \;17? -

. . . 1 1 (k)
By extending to the vector space and replacing cy, c2, a, and b with ITE i z; ’,and x

respectively, we can obtain E(o(X®)) < B(X (),

A.11 Node Classification Results

Comparing with the baseline approaches of deep GNNSs, we list their mean accuracies and standard
deviations in Table[3land
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Table 6: The mean node classification accuracies and standard deviations in percentage on Coauthors-
Physics and Ogbn-arxiv with various depths: 2, 16, 32. The highest accuracy at each column is in
bold.
Datasets Coauthors-Physics Ogbn-arxiv
Layer Num 2 16 32 2 16 32

GCN 92.36+0.14 13.55+2.88 13.13£2.80 | 70.42+£0.21 70.64£0.25 68.51£0.96
PairNorm | 86.32+1.06 84.02+3.34 83.56+5.08 | 67.56+0.14 70.37+0.15 69.63+0.21
DropEdge | 92.46+0.14 85.10+3.02 35.23+17.5| 70.49+0.23 70.41+0.55 67.14+1.78

SGC 92.1940.00 91.74+0.00 84.80+0.01 | 69.19+0.04 64.01+£0.05 59.46+0.07

JKNet | 92.71+x0.19 92.15+0.49 91.65+1.35 | 70.62+0.11 71.85+0.15 71.44+0.35

APPNP | 92.33+0.15 92.65+0.46 92.63+0.42 | 68.26+0.78 65.47+0.23 60.71+0.16

GCNII | 92.49+0.36 92.87+0.23 92.94+0.15 | 70.09+0.27 71.46+0.16 70.52+0.30

EGNN | 92.59+0.09 93.10+0.16 93.31+0.12 | 68.41+0.25 72.74+0.23 72.74+0.35

A.12 Hyperparameter Analysis

To further understand the hyperparameter impacts on EGNN and answer research question Q4,
we conduct more experiments and show in Figures 3] {f] and [5| for Pubmed, Coauthor-Physics and
Ogbn-arxiv, respectively.

Similar to the hyperparameter study on Cora, we observe that our method is consistently not sensitive
to the choices of b, v, ciin and ¢y ax Within wide value ranges for all the datasets. The appropriate
ranges of b, 7, Cimin and cmax are (—oo, 0], [1, o0], [0.1,0.75] and [0.2, 1], respectively. Specially, in
the large graph of Ogbn-arxiv, our model could even has a large initialization range for b. Given these
wide hyperparameter ranges, EGNN could be easily constructed and trained with deep layers.
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Figure 3: The impacts of hyperparameters b, v, Cpin and cpax on 64-layer EGNN trained in Pubmed.
Y-axis is test accuracy in percent.
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Figure 4: The impacts of hyperparameters b, 7y, cin and cpax on 32-layer EGNN trained in Coauthor-
Physics. Y-axis is test accuracy in percent.
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Figure 5: The impacts of hyperparameters b, v, ¢pin and cpax on 32-layer EGNN trained in Ogbn-
arxiv. Y-axis is test accuracy in percent.
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