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Fundamental Questions What Causes Modality Gap? Empirical Proof of COR
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Definition 1 (MCL Loss). Let (X ’ Y) — ($’ia yi)z‘:l be N pair ed S&ﬁp leS_ in S . VT >0, the (a) (b) () (¢) Figure 4. Results of 78 pretrained VLMs on MSCOCO. (a): Sorted values of the modality gap (Ap). (b): Estimated values of k., and .
multimodal contrastive loss Lyicy, is dé’ﬁ”ed as LyicL (X:. Y) — % Zz‘:l %\/ICL (Xj Y) Figure 1. The COR of MCL. Orange and blue dots are X and Y. Starts are centers of X and Y (i.e., c., ¢y). Ap is the modality gap. The dashed line denotes kz = Ky. (€): Kavg VS. Ag. (d): Kavg VS. Lmcr. The solid line denotes regression fit.
| exp (z; - yi /T) exp (i - yi /T) » Optimal Convergent Representation (COR) : refers to the optimal configuration of the ~ * No Constraint: Ao (> 0) in Fig 4a and vz /y (> 0) in Fig 4b show the unconstrained
where Ly, (X,Y) = —log SN exp (25 - 41 /7) — log SN op (2 -5 /7) learned representations of (X, Y) at the global minimum of Lyicr,. optimum 1s NOT achieved (disprove Thm 1). There exists representation constraints.
7=1 v JJ =1 g Ju . . : : :
fi 2 (Modal 1z LN b e * Model Initialization (Imagine): X and Y lie in two separated cone (Fig 1a). * Cone Constraint: No significant relationship between A¢ and ~z/y. But Luctis
Definition 2 (Modality Gap). Let c; = 7= where ji, = ) ;_, %; be the center vector of X, . . L . ositively correlated with ~z /y (Fig 4c, d and Tab 1). It shows cone effect alone does not
y | =N ] N e . * No Constraint: (X, Y) follow a paired uniform distribution and Ay = 0 (Fig 1b, Thm 1). P y & / y.( 5% @ ) : . :
Cy = i where iy = 5 >2;_, yi be the center vector of Y. The modality gap between X and Y is cause modality gap and contrastive objective promotes intra-modal uniformity.

' : . I | * Cone Constraint: Modality gap Ay still converges to 0 (Fig 1c, Thm 2). . . - . : o
then measured by the angular difference between two center vectors: Qg = cos™ " (¢z - ¢y) M 5 (Fig ) » Subspace Constraint: 2o is positively correlated with the weighted average of principal
Definition 3 (Pair Alignment and Pair Matching). Given (z;, ;)\, we say (z;,y;) align ifand only ~—* Model Initialization (Real): X and Y lie in two partially overlapping subspace (Fig 1d). angles Ywavg . And LyeL is negatively correlated to shared space alignment SAlIgN  (Fig
Tf% - yﬁ fﬁd we say (jSl’zyi) are (w e”'")mt‘:hed. yca"f I‘;méy Y 70 i = will < llzi =yl and o yyjep Subspace Constraint: Modality gap converges to the angel of two hyperplane (or 5a,b and Tab 1). These suggest contrastive objective promotes shared space alignment.

T; — Y T — Yil|, otherwise (T;,Y;) are mis-maicned. . . .
the weighted average of principal angles of two subspaces) (Fig 1e, Thm 3). -
Definition 4 (vMF Distribution). Ve € S" 1 and k > 0, let v = h/2 — 1, the probability density of : — : \ What Decides Downstream Performance
a random h-dimensional unit vector = ~ vMF (¢, k) is fu(2; ¢, k) = (gﬂ)uf’_?f - 5"z \where I, is Concluswp 1: Contrastive objectn{e closes, rather than preserves, .modahty gap. Subspace - ~ " ~ e " e —

: : : v geometry, instead of cone geometry, 1s the structural source of modality gap. ataset Ravg V5. 20 Favg V5. ~MCL Twavg V8. 26 1811 V8. ~MCL 1gn vs. Tert.

the modified Bessel function of the first kind. N )
MSCOCO |  0.047(X) 0.247(v) 0.178(v') —0.465(v) 0.733 (V')
Evidence of Representation Constraints Modality Gap and Downstream Performance ImageNet | 0.140(X) 0.164() 0.241(v) —0-496(+) 0.689 ()
70 ’ 3;? '? 8;? A an Table 1. Results of 78 pretrained VLMs. Kendall’s 7 rank correlation between two metrics. v' denotes
igg 0.6 o e oY s’ ?df"' 260 statistical significance in permutation test (p < 0.05).
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Figure 2. Model Constraints. Results on 78 pretrained VLMs. (a): Sorted minimal angles of all image-text pairs (I2T-min). (b): Effective (a) (b) (c) (d) . 2030 ':,0 >0 60 70 0.1 0'25AI?§?1 0.4 0.5 0.1 0'25Al{i)r_:j?1 0.4 0.5
| dxyy . e hed _ . - o - | results show that modality navg
rank ratio rx vs. ry. Here, rx,y = ; and d yx sy are dimensions of the subspace of X and Y. The dashed line denotes rx = ry. Figure 3. Pair matching in MCL. (a): ¢z, c, L C when L$;¢;, is minimized. (b): The projections of (ﬂUq;, yz)Z 4 ONto C align to p; o ] (a) (b)
(c)': Sfarted overlapping rank ratio s vs. min{rx, ry }. Here, rg = ‘%S and dg is dimensions of the shared space between X and Y. (d): (green points), i.e., x; = y’ = p;, when EﬁféL is minimized. (c): When =} = v}, Pga; } yi. If Jy; in an evaluation set, i.e., £ap haS limited lmpact on ‘ |
Principal angles between two collapsed subspaces of OpenCLIP ViT-B/32. y; = Prz; /H P 337,H (purple dot), then x; - y; > x; - y; or “ Ti — Y H < sz . yz” and therefore, (CUz', Yi )7, . are mis-matched. (d): the per formance. Figu_re 5. Results of 78 pretrau'led'VLMs on MSCOCO. (@): Ywavg VS. Ag. (b): SAlign vs. Lycr. (€):
* Cone Constraint: I2T min (> 0) in Fig 2a prove that X and Y lie in two separated cone. (zi",yi ") (yellow dots) align. SAlign vs. I2T RGI. The solid line denotes regression fit.
- - . . . . . . . s ) ] ) ) . i ) . )
 Dimension Collapse: 7x/v (< 1) in Fig 2b prove that X and Y collapse into subspaces. COR of (4, Yi )iz : Their projections onto the shared space C align (Fig 3b, Thm4). Conclusion 2: Theoretically, pair matching is decided by shared space alignment and modality
. _ L . : : IR A 21:) : ' o ap. Empirically, shared space aligenment plays a dominant role in downstream performance.
* Subspace Constraint: 0 < rs < min{rx, ry } In Fig 2c prove that two collapsed subspaces Pair Matching of (m’*" yz)z#c ' (m"”" yz)z?ﬁc do not align (Fig 2c) and theretore can be mis . = - i - : S P J

of X and Y are partially overlapped. Fig 2d shows principal angles between two collapsed mat.Che.d (Fig 2c, Cor.o D, hence worsen the performance. However, their normalized
subspaces of OpenCLIP ViT-B/32, further confirming this. projections onto C align (Fig 2d, Coro 2).
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