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Abstract

Triadic closure and topical homophily provide complementary evidence for new links in citation
and collaboration networks. A temporal fuzzy link score is proposed to combine them without
converting either source into a crisp preliminary decision. Time-decayed common-neighbor
evidence, cosine content homophily, and endpoint activity are aggregated through a weighted
complement-geometric operator. The score is bounded, monotone, reducible to each single
component, and stable under bounded feature errors. A closed-form condition for retaining a
pairwise ranking is obtained. The original chapter results on Cora and CiteSeer are re-examined:
the reported Triadic Homophily Clustering AUC values are 0.70 and 0.69, while fixed-threshold
precision values are 0.97 and 0.95. These figures are retained as source baselines rather than
being relabeled as results of the new temporal model. A four-candidate calculation shows that
the highest raw triadic candidate need not rank first once homophily, recency, and uncertainty
are considered. The method supports time-respecting validation, validation-selected thresholds,
and component-wise interpretation of each prediction.

Keywords: Link prediction, Citation network, Triadic closure, Homophily, Fuzzy evidence,
Temporal decay.

1| Introduction

Link prediction estimates which currently unconnected vertex pairs are likely to form an
edge or which observed network entries are missing [1, 2, 3]. Local indices such as common
neighbors, Jaccard similarity, Adamic—Adar, and resource allocation are attractive because
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they are interpretable and inexpensive [4, 5]. Their common premise is triadic closure: two
vertices sharing neighbors have structural opportunities to connect [6].

Structural opportunity is not sufficient in attributed networks. Homophily—the tendency
of similar actors or documents to connect—can strengthen or weaken the evidence carried
by a shared neighbor [7, 8, 9]. Triadic closure and homophily can act cumulatively during
network formation [10, 11]. In citation networks, topical similarity, publication time, and
existing citation paths interact. A ten-year-old common neighbor and a recent common
neighbor should not necessarily have equal effect. Likewise, a strong textual match without
any structural opportunity should be distinguished from a pair supported by several recent
triangles.

The supplied chapter introduces Triadic Homophily Clustering (THC), uses bag-of-words
representations, and reports results on Cora and CiteSeer. Its central idea is useful, but
three methodological improvements are needed. First, a fixed threshold of .4 should be
selected from training and validation data rather than imposed in advance. Second, random
80:20 edge splitting can leak future information in a temporal problem. Third, triadic and
homophily evidence should retain their graded values so uncertainty and rank sensitivity
can be reported.

Homophily-based prediction has also been studied with linguistic Z-numbers, retaining
uncertainty in the information used to assess possible links [12].

This paper develops a temporal fuzzy extension. It uses a time-decayed triadic score, a
content-homophily score, and endpoint activity. A complement-geometric operator treats
these as partial evidence sources and permits exact derivatives, perturbation bounds, and
component-level interpretation.

2| Temporal Fuzzy Citation Graph

Let G = (V4,01 p¢) be a directed temporal fuzzy graph observed up to time t. Vertex
membership 0;(u) represents availability or confidence in the document/actor, while
(1, v) represents confidence that an observed link from u to v is valid. For an unlinked
candidate pair (u#,v), orientation is retained for citation prediction and suppressed for
undirected collaboration prediction.

The time of vertex z is t,, its observed degree at t is d;(z), and the common-neighbor set is
Ni(u,0) = Nt (1) AN (0)
for a two-step directed citation opportunity. Other applications may use N¢(u) N N¢(v).

Time-decayed triadic evidence.
Each witness z € N;(u,v) contributes

min{p(u,z), ue(z,0) }
log(2+di(z)) W

The bottleneck grade requires both sides of the triangle, exponential decay values recent
witnesses more highly, and the logarithmic divisor reduces the dominance of very high-
degree witnesses. Aggregate evidence is

ez(u,v;t) = exp[—A(t — t;)]

Tw(t) =1—exp |— Y e(uwuvt)]. )

z€N;(u,v)
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This saturating form keeps the score in [0, 1) while allowing several moderate witnesses to
accumulate.

Content homophily.

Let xy, xy € IR& be nonzero TF-IDF or contextual embeddings. The nonnegative cosine
homophily is

X} xo
T T 3)
%ull2 [0 12

When contextual embeddings have negative cosine values, they are mapped to [0, 1] only
after the normalization rule is stated. Bag-of-words can be retained for transparency, but a
comparison against TF-IDF and contextual features is recommended.

Huv -

Endpoint activity.

Let n,(A) be the number of links incident to u# in the most recent window [t — A, t]. Define
Ao =1 — exp{=E[mu(B) +1o(A)]/2}. 4

This component prevents an old structural pattern from being treated identically to an
active developing pair.

candidate

—————
- S~

Figure 1. A candidate link supported by three graded, time-stamped triangular witnesses.

3|1 Complement-Geometric Aggregation
Let wr, wy, w4 > 0and wt + wy + w4 = 1. Define
Suv=1— (1= Tup)*T(1 = Hyp) " (1 — Ayo) 4. )

The operator is a weighted geometric mean of evidence complements followed by com-
plementation. It behaves like a graded fuzzy union: a high component can support the
prediction, but low values in the remaining components still affect the result. Unlike an
unnormalized sum, the score cannot exceed one.

Proposition 3.1 (Basic properties). The score in Eq. (5) is bounded in [0, 1], continuous, nonde-
creasing in each component, and symmetric in any components having equal weights. If wr =1,
then S = T; analogous reductions hold for H and A.
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Proof. Each complement belongs to [0,1]. Their weighted product also belongs to [0, 1].

Differentiation gives
aS 1-5

ax;

for Xi 1. The limiting and symmetry statements follow directly.

>
% 20 ©)

Equation (6) is also an explanation coefficient. The locally most influential component is
the one with largest
Iy = we(1=5)/ (1 — Xi).

This is more informative than stating only that all three inputs were used.

4| Uncertainty and Stability

Suppose the calculated evidence vector is X = (T,H, A) and the admissible error is
| X — Xi| < e U X+ ¢ <1—pforsomep [ 0, then Eq. (6) gives the following result.

Theorem 4.1 (Score stability).

|§—S|§1 Y we =:B. 7)

P ke(T,H,4)

Proof. Apply the multivariate mean-value theorem along the line between X and X. On
the admissible box, (1 — X;)™! < p~'and 1 — S < 1. Summing the coordinate changes
proves the bound.

Corollary 4.2 (Pairwise rank stability condition). For candidates p and q with bounds By, By,
the order Sy S, is preserved whenever

When component intervals are not small, monotonicity yields an exact interval evaluation
without calculus:

S =S(T,H,A”), St=5(Tt H" A").

Candidate p certainly outranks g if 5, S4.

51 Temporal Estimation Algorithm

Candidate generation begins with unlinked pairs having at least one recent two-step path.
Witness terms in Eq. (1) are accumulated, content vectors are compared, and activity is
calculated over a preselected window. Weights and decision threshold are chosen only on
training /validation time windows.

For m observed edges and c candidates, wedge enumeration costs O(}_, d; d7) in the
directed case. Sparse-vector cosine computation costs O(nnz(x,) + nnz(x,)) per candidate.
Candidate scores and explanations are then linear in c. Time-decay values can be updated
recursively between snapshots.

1. Split by time: train before t1, validate on [t1, t,), test on [f, £3).
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2. Generate an equal or stated ratio of negative candidates from pairs observable at each
time.

3. Tune A, ¢, wr, wy, w4 and the operating threshold on validation data.
4. Report AUC and average precision together with Brier score and threshold metrics.

5. Recompute with feature intervals and report stable pairwise ranks or ambiguous sets.

The protocol avoids using citations that occur after the prediction date. This point is
essential because random edge splits can present future neighborhoods to the model.

61 Worked Candidate Ranking

Consider four candidate pairs with their evidence values shown in Table 1. Use
(ZUT, wWH, ZUA) = (.4-5, .35, .20).

Table 1. Component values and calculated link scores.

Candidate T H A S Rank

uo 72 81 .60 7375 2
xy 83 52 70 7261 3
rs 55 90 45 7233 4
pq 76 74 80 7620 1

For uv,

Suwo = 1—(.28)%(.19)%°(.40)*°
= .73746.

The pair xy has the strongest triadic value but only moderate homophily, so it does not
rank first. Pair rs is highly homophilic but has weaker structural and activity evidence.
Pair pg is not maximal in either T or H; it leads because it is consistently strong across all
three sources.

If each component of pg has error at most .015, then its exact monotone interval is obtained
by evaluating (.745,.725,.785) and (.775,.755, .815) in Eq. (5). The same calculation for uv
determines whether the observed difference .0246 remains positive under the stated errors.
Reporting this interval is preferable to rounding both scores to two decimals and declaring
a certain order.

71 Source Results and Methodological Comparison

The supplied chapter reports precision and accuracy at a fixed threshold .4 as shown in
Table 2. It also supplies the AUC comparison in Table 3. A malformed Jaccard entry is
interpreted as 0.50; no other values are altered.

The Cora table does not support a claim that THC outperforms every listed method,
because Adamic—Adar has AUC .71 versus .70. On CiteSeer, THC is highest among the
displayed values. These are honest, dataset-specific conclusions. The new temporal score
has not been assigned invented AUC values; it requires the time-respecting experiment
described above.



Temporal triadic-homophily link prediction in fuzzy citation networks 262

T T T T

0.6 |- 2
041 |
0.2

0 uv Xy rs Pq

B Triadic EHomophily 0 Activity

Weighted evidence contribution

Figure 2. Weighted component evidence. The final nonlinear score is not the bar sum; the bars
explain the relative support pattern.

Table 2. Fixed-threshold results reproduced from the supplied chapter.

Dataset Precision Accuracy

Cora .97 .86
CiteSeer .95 .83

Comparison with related methods.

Classical methods treat evidence differently. Common neighbors counts witnesses; Adamic—
Adar discounts high-degree witnesses; Jaccard normalizes by neighborhood union; THC
combines triadic closure with content; graph neural methods learn representations but may
behave differently under heterophily [13]. The proposed method adds explicit time decay;,
tuzzy path confidence, endpoint activity, and interval stability.

At minimum, an applied report should contain:
* the temporal split dates and negative-sampling procedure;
* content representation and its preprocessing;
¢ component weights and the validation-selected threshold;
* AUC, average precision, precision, recall, Brier score, and class balance;
* score intervals or perturbation radii; and
* examples where triadic and homophily evidence disagree.

Homophily is not universally beneficial. Recent analyses show that feature heterophily
changes which link-prediction architectures perform well [13], while adversarial studies
demonstrate that homophily assumptions can also be exploited [14]. Therefore, wg should
be validated rather than fixed by convention.
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Table 3. AUC values reproduced and notation-corrected from the supplied chapter.

Dataset Common neighbors Adamic-Adar Jaccard THC

Cora .68 71 50 .70
CiteSeer .66 .67 .60 .69

8| Conclusion

A temporal fuzzy triadic-homophily score has been developed for citation and collabo-
ration link prediction. The method combines time-decayed two-step evidence, content
similarity, and recent activity through a bounded complement-geometric operator. Mono-
tonicity, derivative expressions, interval evaluation, and pairwise stability bounds show
how the score changes. The source Cora and CiteSeer figures were retained and cor-
rected without claiming that they validate the new extension. A chronological experiment
with validation-selected thresholds, current embeddings, and interval-coverage results is
required before comparative empirical claims can be made.
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