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Abstract

Attention heads are usually shown as attention patterns, heatmaps, or named circuits. Mer-
cury treats a head as an addressable contract inside the model: its query slice, its shared
key/value owner, its output slice, and its route through nearby residual dimensions must
all remain visible. This paper formalizes that contract for grouped-query attention (GQA)
and multi-query attention (MQA), where a visible head number is not enough to identify
ownership.

The result is a cartographic rule: a head is not a lone object but a bundle (qℓ,h, kℓ,g(h), vℓ,g(h), oℓ,h).
A correct atlas must draw both the local head and the shared K/V group that serves it. I de-
fine head ownership, sharing load, slice completeness, contract ambiguity, and cross-layer
head reach. These equations turn a pretty head panel into an auditable map.

Author Note

This paper comes from one very practical annoyance. When I click a head, I do not want a decorative
attention square. I want to know what it owns, what it borrows, what it writes back, and which other
heads are quietly sharing the same K/V body.

This is where many visualizations become too soft. Mercury has to be harder than a decorative panel.

1 The Head Is Not A Dot

The original Transformer made multi-head attention easy to name [1]. A layer has heads, and a head has
attention. That sentence is useful for teaching, but it is too weak for modern local models. Grouped-query
attention and multi-query attention changed the contract: several query heads can share fewer key/value
heads [2, 3].

So the old visual habit breaks. A label such as “head 0” does not say who owns the K/V memory.
The same label also fails to say whether the displayed route is independent, borrowed, or grouped with
seven other query routes.

Mercury draws the missing ownership.

2 Head Contract

Let a model have layer ℓ, query head count HQ, key/value head count HKV , and head dimension dh. A
query head h is mapped to a K/V owner by

g(h) =

⌊
hHKV

HQ

⌋
.
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The visible head contract is therefore

Hℓ,h =
(
qℓ,h, kℓ,g(h), vℓ,g(h), oℓ,h

)
.

This equation separates a shallow label from a real address. The label says “head 0”. The address says
which query slice, which shared K/V slice, and which output slice are being touched.

3 Sharing Load

For each K/V owner j, define the serving set

Sℓ,j = {h : g(h) = j}.

The sharing load is
Lℓ,j = |Sℓ,j |.

In standard multi-head attention, Lℓ,j = 1. In GQA, the value can be larger. In MQA, one owner may
serve all query heads. Mercury should not hide that fact, because a failure in a shared K/V owner can
disturb several visible heads at once.

This is why the panel has to show the owner, not only the passenger.

4 Slice Completeness

A contract is complete only when the atlas can identify the Q, K, V, and O slices:

C(Hℓ,h) = 1[qℓ,h]1[kℓ,g(h)]1[vℓ,g(h)]1[oℓ,h].

The model can still run when this score is missing from the visualization, but the map is blind. A viewer
can click something glowing without knowing whether it is a query channel, a shared memory channel,
or an output writeback.

Calling that inspection is too generous. It is guessing with a nice interface.

5 Contract Ambiguity

Let B(Hℓ,h) be the number of unresolved slices in the contract. The ambiguity score is

Aℓ,h =
B(Hℓ,h)

4
.

For a layer, the mean ambiguity is

Āℓ =
1

HQ

HQ−1∑
h=0

Aℓ,h.

This is a simple reviewer-facing test. If a figure claims to show attention head structure but Āℓ is high, it
is not yet a head map. It is only a surface view.

6 Cross-Layer Head Reach

Mercury also cares about where a head writes. Let EN be a directed relation graph among measured
neuron sites and module slices. For a head contract Hℓ,h, define its k-hop downstream reach:

Rk(ℓ, h) = |{n ∈ N : n ∈ Reachk(oℓ,h;EN )}| .

The local attention pattern does not answer this question. The reach score asks where the output slice
can travel after it leaves the head.

This is where the city view matters. The head is no longer a square in one layer; it becomes a road
that can be followed.
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7 Why Existing Head Views Are Not Enough

BertViz made attention inspectable and remains one of the cleanest attention viewers [4]. Transformer-
Lens and CircuitsVis made it easier to inspect components and circuits in code [5, 6]. The Transformer
Circuits program clarified residual streams, attention heads, and circuit motifs [7].

Mercury takes a different angle. It does not stop at the heatmap or named head. It asks whether the
head can be addressed as a Q/K/V/O contract, whether the K/V owner is shared, and whether downstream
paths can be followed after the writeback.

8 A Small Failure Example

Suppose HQ = 16 and HKV = 2. Then

g(h) =

⌊
h

8

⌋
.

Heads 0 through 7 share K/V owner 0, and heads 8 through 15 share K/V owner 1. A visualization that
draws sixteen independent heads is already misleading.

The math is not fancy. This is the point. The mistake is easy to detect, so it should not be allowed to
survive in a serious atlas.

9 Cartographic Rule

The Mercury rule is:
draw(h) ⇒ draw(qh, kg(h), vg(h), oh, Lg(h)).

If the view cannot draw these terms, it must mark the contract incomplete:

ready(h) = 1[C(Hℓ,h) = 1]1[Aℓ,h = 0].

This is not a UI preference. It is an epistemic boundary. The map should show what it knows, and it
should also show exactly where it stops knowing.

10 Limits

The equations here do not claim that a head’s function is solved by ownership. A route can be addressable
and still not understood. A K/V group can be shared without being causally important for a task. Path
reach can overstate meaning if it is not paired with intervention.

Those limits are why the address contract matters. The map does not replace causal experiments; it
tells us where to aim them.

11 Conclusion

Mercury Attention-Head Cartography is about refusing the decorative head. A head is a contract, and a
contract has owners, borrowers, slices, loads, and paths. Once those pieces are visible, a researcher can
stop staring at a pattern and start testing a mechanism.
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