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Introduction

• Visual and linguistic concepts naturally organize themselves in a hierarchy,
where a textual concept “dog” entails all images that contain dogs.

• Current large-scale vision and language models such as CLIP do not capture
this hierarchy.

▶ In this paper, the authors introduce MERU, the first large-scale image-text
models that leverage a hyperbolic embedding space.



Methods

▶ CLIP vs. MERU: Training Comparison
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▶ Entailment Loss
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▶ Contrastive Loss

※ dL(·, ·) is Lorentzian distance.



Lorentzian model

• Every vector x,y ∈ Rd+1 can be written as [xspace, xtime], [yspace, ytime],
where xspace,yspace ∈ Rd and xtime, ytime ∈ R.

Definition 1
Let ⟨·, ·⟩ is Euclidean inner product and ⟨·, ·⟩L denote the Lorentzian inner product
that is induced by the Riemannian metric of the Lorentz model. For two vectors
x,y ∈ Rd+1, it is computed as follows:

⟨x,y⟩L = ⟨xspace,yspace⟩ − xtime · ytime

The induced Lorentzian norm is ||x||L =
√

|⟨x,x⟩L|.

Definition 2
The Lorentz model possessing a constant curvature −c is defined as a following
set of vectors:

Ld =
{
x ∈ Rd+1 : ⟨x,x⟩L = −1/c, c > 0

}



Lifting embeddings onto the hyperboloid

• Let the embedding vector from text or image encoder be v ∈ Rd.
• Exponential map:

x = expm0(v) = [xspace, xtime],

where
xspace =

sinh(
√
c∥v∥)√

c∥v∥
v, xtime =

√
1/c+ ||xspace||2L

※ Preventing numerical overflow
• Numerical issue: Exponential map amplifies ∥v∥ ≈

√
d into e

√
d , causing overflow.

• Example: For d = 512, c = 1 ⇒ ∥xspace∥ ≈ 6.7× 1010 .
• Solution: Stabilize by scaling all v with learnable scalars αimg, αtxt .



Contrastive loss and Entailment loss

• For text and image, let the embedding vectors obtained via the exponential
map be xi = [xi,space, xi,time],yi = [yi,space, yi,time] ∈ Rd+1 for i = 1, . . . , N .

• Contrastive Loss : Lcont =
∑

i=j dL(xi,yj)−
∑

i ̸=j dL(xi,yj)
• Lorentzian distance:

dL(x,y) =
√

1/c · cosh−1(−c⟨x,y⟩L)

▶ Entailment Loss : Lentail =
∑N

i=1 max (0, ext(xi,yi)− aper(xi))
• Half-aperture:

aper(x) = sin−1

(
2K

√
c∥xspace∥

)
, K = 0.1.

• Exterior angle (between x and paired y):

ext(x,y) = cos−1

(
ytime + xtime c⟨x,y⟩L

∥xspace∥
√

(c⟨x,y⟩L)2 − 1

)
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