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Abstract

Wafer-scale integration enables unprecedented compute den-
sity on a single chip, affording nearly a million processing el-
ements (PEs) in a mesh-connected topology. However, wafer-
scale meshes must tolerate inevitable manufacturing defects.
Existing industrial practice for wafer-scale relies on holding
healthy PEs back. Repair mechanisms either substitute spares
through redundant links or disable entire rows and columns,
costing tens of thousands of PEs in production. Prior fault-
tolerant (FT) routing schemes fall short at wafer-scale by
requiring prohibitively large per-router state or many sets of
virtual channels, or require disabling healthy PEs to enforce
regular fault shapes.

We observe that under realistic defect densities, although
the chip contains nearly a million PEs, only several dozen
are expected to be faulty, leaving the mesh almost entirely
intact. This suggests that fault tolerance should not be im-
posed uniformly across the whole wafer, but instead only
where faults actually disrupt regularity. Motivated by this
insight, we present Defect-driven Locality-preserving Rout-
ing (DLR), a fault-tolerant routing scheme that decomposes
the defective wafer mesh into regular, defect-free submeshes
and applies standard low-cost routing within each submesh.
Routing across submeshes (i.e., across fault boundaries) is
done over a virtual spanning tree. This hierarchical structure
preserves deadlock freedom with only two sets of virtual
channels (VCs), just one more than the fault-free baseline.
DLR achieves 100% utilization of healthy PEs, low per-router
storage and hardware overhead, competitive path lengths,
and low offline algorithmic complexity; none of the prior
techniques manage to achieve all of these requirements.
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1 Introduction

Wafer-scale integration, whereby an entire wafer is fabri-
cated and deployed as a single chip, enables extreme com-
pute density of scale that can accommodate an entire mod-
ern Al workload. For instance, the Cerebras WSE-3 [17, 33],
the state-of-the-art commercial wafer-scale chip, integrates
nearly a million processing elements (PEs) on 46,225 mm?
of silicon connected by a 2D mesh network. This scale of
integration eliminates the off-chip memory and inter-chip
communication bottleneck that hinders conventional multi-
chip systems, enabling ultra-low latency for workloads such
as large language model (LLM) inference [12].

A critical and unavoidable challenge for wafer-scale sys-
tems is manufacturing defects. Every fabricated wafer con-
tains defects whose locations vary from wafer to wafer (§2.2).
At die scale, a defect costs at most the die it lands on: that
die is binned to a lower grade or discarded. At wafer scale,
every defect lands in the one product, and tolerating defects
on-chip is the only cost-effective option. Cerebras’ patent
describes repairing defects by substituting spare PEs or by
disabling the entire rows and columns that contain them [18];
in production, approximately 7% of PEs are thus disabled for
defect tolerance — a loss of 70,000 PEs on the WSE-3 [33].

An alternative to such brute-force and wasteful solutions
is fault-tolerant (FT) routing, which would allow all of the
functional PEs to be used by routing around faulty ones.
While conceptually simple, FT routing at wafer scale is chal-
lenging because it must jointly satisfy memory efficiency, scal-
ability in offline route computation, defect tolerance generality
across both random and spatially correlated defect patterns,
and microarchitectural efficiency (§2.4). These requirements
are in tension: richer forwarding tables improve route quality
but strain the limited per-PE SRAM, while reducing hard-
ware overhead limits the deadlock-avoidance mechanisms
available. We find that no existing FT routing scheme meets
all four requirements at meshes containing a million PEs.
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Existing FT routing approaches fall into two categories
(§2.4), neither of which meets the wafer-scale requirements.
Table-based approaches such as Autonet [29], segment-based
routing [20], and Schley [28] precompute per-PE forward-
ing tables that guarantee 100% routability, but the storage
required for these routing tables scales with the number of
PEs (N) for Autonet, segment-based, and Schley with a small
number of virtual-channel (VC) sets. On a wafer with a mil-
lion PEs, the per-PE storage for the routing table exceeds
the SRAM budget of the entire PE. Schley can reduce stor-
age to O(N?") by increasing the number of VC sets V, but
this proportionally increases the associated buffer area (§5.1).
Tableless approaches such as fault-ring routing [3] avoid per-
PE tables but enforce topological regularity around faults,
which forces disabling of healthy PEs to satisfy this con-
straint. Under clustered or linear defect patterns, the number
of sacrificed healthy PEs can grow as O(F?), where F is the
number of faulty PEs or links. In short, no FT routing al-

gorithm exists today that can achieve low hardware and
memory overhead while also preserving all healthy PEs.

We observe that at reported defect densities for advanced
process nodes (~0.1 defects/cm? [7]), merely several dozen
PEs would be defective, on average, out of the entire million-
PE mesh (e.g., ~46 PEs on a wafer-scale chip). Thus, the
mesh is nearly intact. Meanwhile, existing FT approaches
are designed to contend with a large fraction of faulty PEs,
thereby imposing a significant overhead by targeting the
worst case. Our insight is to leverage the fact that the mesh is
mostly intact to dramatically reduce the cost and complexity
of FT routing.

Building on this insight, we propose Defect-driven Locality-

preserving Routing (DLR), an FT routing algorithm de-
signed for wafer-scale meshes. DLR partitions the defect-
containing mesh into a set of regular (rectangular-shaped)
defect-free submeshes. Faulty PEs and links define the parti-
tion boundaries. Since each submesh is defect-free, existing
low-cost routing (e.g., XY or turn-based) can be used inside
the submesh to achieve both deadlock freedom and minimal
path length. Traffic crossing submesh boundaries is routed
over a spanning tree of the submesh adjacency graph us-
ing a monotonic ordering that guarantees deadlock freedom.
The two routing modes — intra- and inter-submesh - coexist
deadlock-free using only two sets of VCs, which is just one
set of VCs more than the ideal fault-free baseline mesh'. The
relatively small number of faulty PEs and links on a wafer-
scale chip naturally result in a small number of submeshes,
which keeps the size of the spanning tree small and the asso-
ciated hardware cost for forwarding tables low. On an intact
wafer, DLR requires zero forwarding state; each defect adds
merely O(log N) bits to every PE’s forwarding table.
To summarize, this paper makes several contributions:

IWe assume that one set of VCs is necessary to enforce deadlock freedom
at the protocol level; e.g., by separating requests and replies.
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Figure 1. Wafer-scale chip structure. (a) A 12-inch (300 mm)
wafer with inscribed square (~215 mm side); the square is
diced into identical dies. (b) Zoom-in of a single die, all PEs

connected by a 2D mesh. (c) A single PE (details in §3).

e We design Defect-driven Locality-preserving Routing
(DLR), a novel FT routing scheme that exploits the
fact that nearly all of the mesh is intact. DLR parti-
tions the mesh into fault-free rectangular submeshes,
uses the baseline low-cost routing algorithm (e.g., XY)
inside each submesh, and routes across submeshes
over a spanning tree. By construction, DLR guarantees
deadlock freedom using only 2 VC sets and maximal
routability: every connected pair of healthy PEs re-
mains routable.

e DLR scales to wafer-scale meshes. Its per-PE forward-
ing state grows with the defect count F rather than the
mesh size N: O(Flog N), or 99 B per PE on a million-
PE mesh (1,024 x 1,024) at 0.1 defects/cm? (989 B even
at 10X that density), whereas Autonet requires 1.9 MB
and segment-based 384 KB - both exceeding the tens-
of-KB per-PE SRAM capacity of wafer-scale chips. Of-
fline route computation takes O(N + F?log F) time:
0.077 s for a million-PE mesh (under 1 s even at 10X de-
fect density). At that scale, Autonet and segment-based
simply cannot complete route computation.

e We evaluate DLR against fault-ring and Schley across
six defect patterns and three defect densities. DLR
sacrifices no healthy PEs under any pattern, whereas
the comparably lightweight fault-ring forfeits up to
23% under clustered defects. On most patterns charac-
teristic of wafer-scale workloads, DLR achieves path
lengths and latency competitive with Schley (VC=38)
while using 4x fewer VC sets.

2 Background
2.1 Characteristics of wafer-scale systems

A wafer-scale system fabricates a single processor spanning
an entire wafer (illustrated by Figure 1). A lithographic step-
per exposes a common reticle at each die position; adjacent
reticle fields are then stitched together so that inter-die links
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Figure 2. Wafer defect patterns [36]: (a) random contam-
ination produces spatially uniform defects; (b) systematic
process variations produce structured patterns such as cen-
ter clusters, edge rings, scratches, and localized hotspots.

form a seamless on-chip network [16, 17, 33]. Each die con-
tains on the order of ten thousand processing elements (PEs),
yielding around one million PEs across the full wafer. Each
PE integrates a compute unit and a router, but only a small
amount (tens of KB) of local SRAM due to the tight area bud-
get. There is no shared memory or global cache hierarchy.
Instead, PEs communicate through explicit message pass-
ing over the on-chip network. As a result, routing quality
becomes a first-order determinant of system performance.

The network connecting PEs across the wafer is typically
organized as a 2D mesh, as evidenced in today’s commercial
wafer-scale systems, namely the Cerebras WSE-2 and WSE-
3 [16, 17, 33]. The mesh topology naturally addresses the
constraints of wafer-scale systems, which include low design
complexity, regularity (great for developers and hardware
designers), hardware frugality both at the router and wire
levels, and low per-hop latency.

2.2 Defect tolerance is key for wafer-scale routing

In a single-die chip, defective dies can be discarded or yield-
binned. This is not an option for monolithic wafer-scale,
since the entire wafer is the "chip"; this means that defects
must be tolerated within the system. Semiconductor defects
are commonly classified into two categories (Figure 2) [34].
Random defects arise from particle contamination and vary
from wafer to wafer, producing spatially uniform failures.
Systematic defects originate from process or equipment is-
sues and exhibit spatially correlated patterns such as center
clusters, edge rings, scratches, and localized hotspots [34].
The expected number of defects scales with the chip area

times the defect density (DoXAchip) [30]. At Dy = 0.1 defects/cm?,

representative of advanced process nodes [7], a wafer-scale
chip with active area ~ 465 cm? contains ~46 defects on av-
erage. Depending on the physical layout, multiple defects
may map to the same PE or link, so the number of faulty
mesh components may be lower. Even in the pessimistic case
where each defect disables a distinct PE, 46 faulty PEs in a
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1,024 X 1,024 mesh account for only 0.004% of the fabric. The
huge implication is that the mesh is almost entirely intact.

2.3 Novel requirements for wafer-scale routing

On a defect-free 2D mesh, dimension-order routing (e.g., XY)
provides minimal-path, deadlock-free forwarding with O(1)
per-hop decision complexity. Defects break these guarantees:
detours around faulty PEs or links violate the prescribed
dimension order, which can in turn create circular channel
dependencies and lead to deadlock. FT routing algorithms
restore deadlock-free connectivity on the resulting irregular
mesh. At wafer scale, however, these algorithms must satisfy
four novel requirements that concern efficiency, scalability,
and generability:

1. Memory Efficiency: Per-PE forwarding state must
fit in limited SRAM. Each PE has only tens of kilo-
bytes of local SRAM. The forwarding state for fault
tolerance must occupy only a small fraction.

2. Architecture Efficiency: Per-PE hardware over-
head must not grow with mesh size. Since each PE
is area-constrained, any additional hardware for fault
tolerance must remain bounded as the mesh scales.

3. Routing Computation Scalability: Forwarding state
computation must scale to a million or more PEs.
The algorithm that computes (offline) per-PE forward-
ing state must complete in practical time at wafer scale.

4. Defect Tolerance Generality: Must handle both
random and structured defect patterns. As dis-
cussed in §2.2, manufacturing produces both spatially
uniform and clustered defects; the algorithm must not
assume a particular defect distribution.

2.4 Why existing NoC routing methods fail?

None of existing FT routing algorithms (illustrated in Fig-
ure 3) can fully meet the above requirements:

Table-based FT Routing. Table-based approaches pre-
compute a per-PE forwarding table offline. At each hop, the
router looks up the destination in its local table to deter-
mine the output port. This guarantees O(1) per-hop routing
latency but requires storing the table at every PE.

Autonet [29] constructs a spanning tree over all healthy
PEs, then classifies every link as up (toward the root) or
down (away from the root). Packets may travel any number
of up links followed by any number of down links, but never
up after down—this acyclicity guarantees deadlock freedom
(Figure 3a). Each PE stores a forwarding table with one en-
try per destination, yielding O(N) forwarding state per PE.
Building these tables requires computing a forwarding entry
for each of N PEs at each of N destinations, resulting in
O(N?) offline route computation time. At wafer scale, the
O(N) per-PE storage exceeds the SRAM budget, and the tree
structure concentrates traffic on links near the root.
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Figure 3. Fault-tolerant routing approaches on a 5 X 5 mesh
with one router defect (X) and one channel defect. (a) Au-
tonet: BFS spanning tree from root; nodes colored by tree
depth (L1-L4). (b) Segment-based: segments Sy—S; with a
subnet bridge. (c) Fault-ring: rectangular fault block (red)
enclosed by a fault ring (dashed). (d) Schley: level-1 units (Uy,
solid) grouped into level-2 units (U,, dashed).

Segment-based routing [20] partitions the network into
groups of nodes called segments and places one bidirectional
turn restriction per segment to break cyclic dependencies
(Figure 3b). Segments are independent, allowing turn restric-
tions for deadlock avoidance to be chosen locally within
each segment. Like Autonet, the per-PE forwarding state is
O(N) and route computation time is O(N?). Segment-based
routing offers better path diversity than Autonet, but the
segmentation quality depends on heuristic choices (starting
routing, search order). A packet travels along nodes within
a segment or crosses to an adjacent segment, with turn re-
strictions applied at segment transitions to prevent deadlock.
Poor segmentation quality can force packets through many
segment crossings, resulting in long detours.

Schley [28] groups PEs into hierarchical units at multiple
levels (Figure 3d). With h hierarchy levels and 2k virtual
channel (VC) sets — each set an independent class of logical
channels (with its own buffers) sharing the physical link -
the per-PE routing table reduces to O(N'/*) and route com-
putation time to O(N'*/" log N'). More levels reduce the size
of the routing table: at VC=2 (h=1), Schley reduces to flat
up*/down* with O(N) table entries per PE; at VC=4 (h=2),
O(N'/2); at VC=8 (h=4), O(N'/*). However, this trades one
form of storage for another: each additional VC set brings its
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own per-port flit buffers (one per VC in the set), so the buffer
area grows linearly with the number of VC sets. Schley thus
reduces routing table size at the cost of increased buffer area.

Tableless FT Routing. Tableless approaches store no per-
PE forwarding table. Instead, they make routing decisions
online based on local fault geometry, eliminating the storage
bottleneck. For instance, Fault-ring routing [3] constructs
rings around rectangular fault regions and detours packets
along these rings (Figure 3c). The per-PE forwarding state is
O(1) - each router only needs to know whether it borders a
fault block — and the ring construction is O(F?). This makes
fault-ring highly scalable in both storage and computation.
However, fault-ring requires defects to be enclosed in rect-
angular fault blocks, which may disable additional healthy
PEs to maintain the rectangular shape [3]. The number of
disabled healthy PEs thus depends on the defect pattern.

Takeaway. Table-based approaches (Autonet, segment-
based, Schley) guarantee 100% routability among healthy
PEs, but their per-PE forwarding state and computation cost
grow with mesh size, making them infeasible at wafer scale.
Tableless routing (fault-ring) is scalable, but trades PE uti-
lization for the rectangular fault block requirement and is
therefore sensitive to defect pattern structure. In this work,
we propose a scalable routing algorithm for wafer-scale mesh
systems that achieves 100% routability among healthy PEs
with affordable per-PE memory overhead.

3 System and Defect Model

We model a wafer-scale system as a 2D mesh M = (V, E) of
K X K processing elements (PEs), where K is the mesh side
length and N = K? = |V| is the total PE count. Each PE at
coordinate (x, y) consists of two components:

e Compute unit: A core with local SRAM, capable of
executing arithmetic operations and hosting program
state (e.g., weight shards, activations, KV-cache en-
tries).

e Router: A crossbar switch co-located with the com-
pute unit. Each router has up to four directional ports
(N, S, E, W) plus one local port connecting to its com-
pute unit. The router forwards packets between its lo-
cal compute unit and neighboring routers. The router
typically occupies 10-20% of the PE’s area [9, 13, 23].

A channel is a unidirectional link between two adjacent
routers. A bidirectional connection consists of two oppos-
ing channels. Each channel may support multiple virtual
channels (VCs) for deadlock avoidance and traffic isolation.

Defect model. We model three types of permanent manu-
facturing defects:
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o Compute-unit defect: The compute unit at PE v is
non-functional. The co-located router remains oper-
ational — v cannot execute computation but can still
forward traffic for other PEs.

¢ Router defect: The router at PE v is non-functional.
Both computation and forwarding are disabled — v
becomes a faulty node that blocks all traffic through
its location. All channels incident to v are effectively
dead. This is the most severe defect type.

e Channel defect: A unidirectional channel between
two adjacent routers is non-functional. Both endpoint
routers remain operational, but packets cannot tra-
verse the link in the failed direction.

Given a defect map F = (Fcomputes Frouter» Fehannel), the set
of routing-available PEs is Vg = V' \ Frouter, Wwhich includes
PEs with compute-unit defects that can still forward traffic.
The set of healthy mappable PEs is Vi = Vg \ Feompute- DLR
takes the defect map as given: wafer-scale systems such
as the WSE already detect and provide it for their repair
mechanisms [18]. All routes are computed offline from this
map; runtime routing is a pure table lookup. A defect that
appears after deployment is handled by a reboot and re-
detection.

Key observation. Only router defects and channel de-
fects affect routing topology. Compute-unit defects reduce
compute capacity but do not block traffic. The defect count
relevant to DLR’s partitioning is therefore F = |Frouter| +
| Fehannel |, which may be significantly smaller than the total
defect count.

4 DLR Design and Implementation
4.1 Design intuitions and overview

At realistic defect densities (~0.1/cm?), a wafer-scale mesh
of over a million PEs contains only tens of router defects
(Section 2.2), a miniscule fraction of the entire mesh. The
sparsity of the defects can be exploited to partition the mesh
into a small number of regular (rectangular) regions that are
entirely defect-free; we refer to these regions as defect-free
submeshes. Within each defect-free submesh, the mesh is
structurally intact: any deadlock-free routing algorithm (e.g.,
XY, west-first, negative-first) works optimally without modi-
fication. Only traffic crossing a submesh boundary requires
fault-tolerant routing.

DLR exploits the defect-free submeshes to create a scalable
fault-tolerant deadlock-free routing scheme. The key insight
is that the state-of-the-art routing can be used inside the
defect-free submeshes, while only the submeshes themselves
must be connected with fault-aware routing.

Further, DLR uses up*/down” routing [29] to provide fault-
aware deadlock-free routing across submeshes. Specifically, a
spanning tree over the submesh adjacency graph designates
one submesh as the root and defines a topological order: the
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root receives the highest order, and order decreases outward
(§4.3). This order classifies every inter-submesh link as up
(toward higher-order submeshes) or down (toward lower-
order submeshes). All traffic starts on VC set 0:

e Intra-submesh traffic stays entirely on VC set 0, us-
ing any deadlock-free routing (e.g., XY) on the intact
rectangular submesh. This ensures optimal (i.e., mini-
mal) paths at zero overhead.

Inter-submesh traffic follows a path through the sub-
mesh adjacency graph respecting the topological or-
der: ascending first, then descending. While ascending
(switching to higher-order submeshes), the packet re-
mains on VC set 0. On the first descending link (switch-
ing to a lower-order submesh), the packet switches to
VC set 1 and remains there for all subsequent hops -
including any intra-submesh legs in the destination
submesh. No VC set 1 — VC set 0 transition is permit-

ted to ensure deadlock freedom.

Since the adjacency graph has only O(F) nodes (tens, not
hundreds of thousands), inter-submesh paths are short. DLR
achieves three essential properties:

1. 100% routability, provided the routing-available PEs
form a connected graph.

2. Deadlock freedom with only 2 VC sets - just one VC
set more than a vanilla mesh.

3. Minimal intra-submesh paths: source-destination
pairs within the same defect-free submesh achieve
minimal hop count, identical to a defect-free mesh.
Only pairs crossing submesh boundaries might incur
additional hops (§5).

DLR’s routing state is computed offline in three stages
(Figure 4): (1) Submesh Partitioning (§4.2) identifies maximal
defect-free submeshes; (2) Topological Ordering (§4.3) builds a
spanning tree over the submesh adjacency graph and derives
a topological order that classifies every inter-submesh link as
up or down; (3) Route Computation (§4.4) computes and loads
(at boot time) per-PE routing state (submesh ID + forwarding
table + VC assignment) and LUT into each PE.

4.2 Submesh Partitioning

The first stage partitions the defective mesh into a set of
rectangular defect-free submeshes that collectively cover
every routing-available PE.

Defect-driven partitioning algorithm. Standard deadlock-
free routing algorithms (XY, west-first, negative-first, odd-

even, etc.) require a rectangular mesh topology. Non-rectangular

regions break the monotonic channel ordering that these
algorithms rely on for acyclic channel dependency graphs.
Rectangularity is therefore the minimum structural require-
ment for zero-overhead intra-submesh routing.

DLR partitions by cutting at defect locations rather than
at arbitrary midpoints (as in standard recursive coordinate



ASPLOS 27, April 11-15, 2027, Heraklion, Greece

Defect Map Mesh M

Submesh Partitioning (§4.2)

Topological Ordering (§4.3)

Route Computation & LUT (§4.4)

Load into PEs

Figure 4. DLR pipeline.

bisection). Given a rectangular region containing defects,
the algorithm selects a router defect and cuts the region
into up to four sub-rectangles around it, as illustrated in
Figure 5b. The cut separates the defect’s column and row
from the rest of the region, producing a left column, a bot-
tom block, a right block, and a top cell — each recursively
partitioned if it contains further defects. Channel defects
split the containing region into two halves along the broken
link (Figure 5c¢). By cutting exactly at defect locations, the
algorithm avoids splitting defect-free regions and produces
fewer, larger submeshes.

Complexity. Each defect triggers one split into at most 4
sub-rectangles, so the algorithm produces O(F) submeshes.
Each recursive call filters the defect list for faults within
the current region in O(F) time, yielding O(F?) total time —
negligible since F < N. (This is reducible to O(F log F) by
pre-sorting the defect list, but at F =~ 46 the difference is
immaterial.)

4.3 Topological Ordering

The second stage assigns each submesh a numeric ID that
determines the routing direction for inter-submesh traffic.

Inter-submesh links. Two submeshes are adjacent if a
PE on the boundary of one has a healthy channel to a PE
on the boundary of the other. These boundary PEs and the
channels between them are the inter-submesh links — the
physical connections through which traffic crosses from one
defect-free submesh to another. For example, in Figure 5d,
Ss and S5 are adjacent because PE (2, 2) in S5 has a direct
channel to PE (2, 1) in S5 (highlighted in blue). Let S denote
the set of all submeshes produced by the partitioning step;
there are at most 4F submeshes (each router defect produces
up to 4, each channel defect up to 2).

Topological order. DLR constructs a spanning tree over
the submeshes and assigns order in reverse level order: one
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submesh is designated as the root and receives the high-
est order; its neighbors receive the next-highest; and so on
outward, with leaves receiving the lowest. This numbering
induces a total order on submeshes: every inter-submesh
link is classified as up (toward a higher-order submesh) or
down (toward a lower-order submesh). The routing algorithm
(§4.4) uses this classification to ensure deadlock-freedom.
The spanning tree guarantees that for any two submeshes,
a valid path exists that first ascends (follows increasing order)
and then descends (follows decreasing order) — this is the
path through their lowest common ancestor in the tree.

Root selection. The topological order and deadlock-freedom
guarantees hold for any choice of root. In practice, we se-
lect the submesh containing the mesh center coordinate,
which tends to reduce tree depth and thus inter-submesh
path lengths. This choice is a heuristic, not a requirement —
depending on the defect distribution, other submeshes may
be equally good candidates. Figure 5d illustrates the resulting
topological order with Ss as root.

4.4 Routing Algorithm

At each PE, the routing decision for a packet with destination
d depends on whether d is in the same submesh:

1. Same submesh (submesh(src) = submesh(d)): Route
using the intra-submesh algorithm (e.g., XY) on either
of DLR’s two VC sets. This is the common case.

2. Different submesh: The packet traverses submeshes
along a path that respects the topological order: it first
ascends (moves to higher-order submeshes), then de-
scends (moves to lower-order submeshes), with no
re-ascent after the first descent. The path may use any
inter-submesh link in the adjacency graph — not only
spanning tree edges — as long as the up*/down”* con-
straint holds. Each hop consists of: (a) Route within
the current submesh to the gateway PE for the next
submesh, and (b) Cross the submesh boundary via the
gateway channel.

3. VC assignment: The packet starts on VC set 0. While
ascending, it remains on VC set 0. On the first descend-
ing link (next submesh has a lower order), it switches
to VCset 1 and stays on VCset 1 for all remaining
hops — including the final intra-submesh leg to d. No
VCset1 — VCset0 transition is permitted to ensure
deadlock freedom.

Path computation. Inter-submesh paths are computed
offline via Dijkstra on the submesh adjacency graph, subject
to the up*/down* constraint (no ascending after any descent).
The edge weight between two adjacent submeshes reflects
the physical hop count of the intra-submesh leg from the en-
try gateway to the exit gateway — i.e., the cost of traversing
the submesh interior. This ensures Dijkstra minimizes the
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(c) Channel defect cut (d) Topological order
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Figure 5. Submesh partitioning and indexing on a 5 X 5 mesh with one router defect (X) and one channel defect (small x
on broken link). (a) Defective mesh. (b) Router defect splits the mesh into four regions. (c) Channel defect further splits one
region. (d) Topological order with inter-submesh links highlighted (orange): the root submesh (Ss) receives the highest order;
order decreases outward. Each highlighted link connects boundary PEs of adjacent submeshes.

total physical hop count of the end-to-end path, not just the
number of submesh crossings.

For example, in Figure 5d, consider a packet from PE (1, 4)
in S; to PE (4,0) in S4. The spanning tree path ascends to the
root S5 and then descends into S;. However, the adjacency
graph also offers S; — S3 — S4, which bypasses the root
and may take fewer total hops. Dijkstra selects the path with
the lowest total hop count among all valid up*/down* paths.

Per-PE routing state. Each PE stores: (1) Own submesh
bounding box: used to determine whether a destination is
intra- or inter-submesh. If the destination coordinates fall
within this box, the packet is routed using the intra-submesh
algorithm (e.g., XY) without any table lookup. Otherwise,
the forwarding table is consulted, and (2) Forwarding table:
one entry per destination submesh. Each entry maps a desti-
nation submesh’s bounding box to an output port and VC set.
This is sufficient because all destinations within the same sub-
mesh share the same next-hop submesh (determined by the
submesh-level Dijkstra path) — only the final intra-submesh
leg differs, and that requires no table entry. The forwarding
table therefore has one entry per submesh. The partitioning
produces at most 4F submeshes (§4.3), so the table scales in
proportion to the defect count, not the mesh size. Note that,
on an intact wafer (F = 0), no forwarding table is needed —
every PE uses intra-submesh routing.

4.5 Correctness and Analysis

We have proved three properties for DLR: deadlock-freedom,
routability, and a storage bound, where the latter two are
omitted for page limit.

Theorem 4.1. DLR is deadlock-free using only 2 VC sets.

Proof. Deadlock occurs when packets form a circular chain
of channel dependencies — each packet holds a channel and
waits for the next. We show no such cycle can exist.

Case 1: within a single submesh. Within each defect-
free rectangular submesh, the intra-submesh routing algo-
rithm (e.g., XY) is deadlock-free on either VC set — a standard

result for dimension-order routing on rectangular meshes.
Channels in different submeshes are physically disjoint, so
dimension changes across submeshes (e.g., Y in S4 then X in
Sp) cannot create cross-submesh intra-routing cycles.

Case 2: across submeshes. Consider a hypothetical cycle
S = S = -+ = S — §; visiting k submeshes. On
VC set 0, every inter-submesh link must be ascending, so
ord(S;) < ord(S;) < .-+ < ord(Sk) < ord(S;), implying
ord(S;) < ord(S;) — a contradiction. Similarly, on VC set 1,
every link must be descending, so ord(S;) > ord(Sz) > --- >
ord(Sg) > ord(S;) — also a contradiction. A cycle mixing
ascending and descending links would require a VCset 1
— VCset 0 transition, which the up*/down* rule forbids.
Therefore, no inter-submesh cycle can exist for any cycle
length k.
Since neither intra-submesh nor inter-submesh cycles are
possible, and no VC set 1 — VC set 0 transition is permitted,
the channel dependency graph is acyclic. By the Dally-Seitz
theorem [8], DLR is deadlock-free. o

5 Evaluation

The evaluation proceeds in four aspects:

1. Scalability (§5.1): per-router storage and route com-
putation cost across all baselines. Narrows the field to
algorithms that can run at wafer scale.

2. Routing quality (§5.2): PE utilization (DLR vs. fault-
ring) and path quality (DLR vs. Schley (VC=8)) under
uniform random, broadcast, and tree all-reduce traffic.

3. Simulation (§5.3): flow-level simulation of contention,
decomposing latency into propagation, transmission,
and queuing.

4. Hardware cost (§5.4): router area and power from
RTL synthesis; sizing the routing-table capacity from
the per-wafer defect-count distribution, and the fall-
back when a wafer exceeds it.
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Figure 6. Six defect patterns on a 256 X 256 mesh at Dy = 0.1/cm?. Center and Local place defects uniformly within a disc of
radius r, at the chip center and at a random location respectively; Scratch places them along a line at angle 6.

DLR implementation and baselines. All routing algo-
rithms are implemented in Rust. Build time measures routing-
table construction, which must complete before the chip can
route traffic. Hardware overhead is estimated by synthesiz-
ing a baseline 5-port mesh router and each fault-tolerance
addition using Yosys with FreePDK45 (45nm), with power
estimated by OpenSTA. We compare DLR against various
state-of-the-art FT routing baselines (§2.4) covering both
table-based and table-less: Autonet [29], Segment-based [20],
Schley [28] and Fault-ring [3].

Defect patterns and system scales. We model various de-
fect patterns. A defect can be a router defect: the defective PE
can neither compute nor forward traffic (§3). We evaluate six
defect patterns (Figure 6) at Dy = 0.1, 0.5, and 1.0 defects/cm?:
Random (Poisson), Center (r~27 mm, rx~54mm), Local
(r~27 mm), and Scratch (6~30°, 6~80°). Edge-ring is omitted
as wafer-scale chips use an inscribed square.

In all experiments, we evaluate DLR and the baselines
across wafer sizes ranging from K = 32 to K = 1024, where
varying K changes the number of PEs and K = 1024 corre-
sponds to roughly one million PEs. Due to page limits, we
omit part of the full results and report only the cases for
K =128 and K = 1024 unless otherwise specified.

Implementation and simulator validation. Our DLR
and baseline implementation and simulator have been vali-
dated against the official cycle-accurate Cerebras simulator
(Cerebras SDK version 1.4). Our multi-hop communication
latency measurement and modelling (cycle-level) is further
cross validated on the real Cerebras WSE-3 accelerator. This
gives us confidence that our modeling of the PE and NoC ar-
chitectures in principle reflects real wafer-scale accelerators.

5.1 Scalability

We evaluate scalability along two axes: (1) per-router stor-
age — does the forwarding state fit in on-chip SRAM? - and
(2) route computation cost — can routing tables be built offline
in practical time and memory? Table 1 reports the results
across all baselines. Like Autonet, DLR uses up*/down* rout-
ing on a spanning tree — but over O(F) submeshes (typically

tens) rather than all N PEs (up to 10°). This structural dif-
ference drives all scalability results below: at Dy=0.1/cm?,
F ~ 46 while N = 10° - a ~20,000x gap that DLR exploits at
every stage of route computation.

The data reveals that scaling to wafer-scale meshes acts
as a two-stage filter: algorithms must clear both a storage
wall and a computation wall, and most existing approaches
fail at one or the other.

Storage wall: most table-based algorithms exceed SRAM
at wafer scale. At K=1,024 (N = 10° PEs), Autonet requires
1.9 MB per router, segment-based 384 KB, and Schley (VC=2)
512 KB (Table 1) - all exceeding the tens-of-KB per-PE SRAM
budget by orders of magnitude, because their O(N) storage
grows linearly with mesh size. Schley’s hierarchical scheme
implies a storage trade-off: VC=4 reduces to O(N'/?), VC=8
to O(N'/%), but by VC=8 the VC buffers outweigh the table
several times over. DLR sidesteps this tradeoff entirely: its
O(Flog N) storage depends on defect count F, not mesh size
N. At Dy=0.1/cm?, this yields 99 B per router — compara-
ble to Schley (VC=8) but with 4x fewer VC sets. Even at
Dy=1.0/cm?, DLR stays under 1 KB.

Offline aglorithmic complexity. Table 1 also reports
route computation (offline) in time and peak memory, mea-
sured on an AMD EPYC 7453 capped at 64 GB of RAM. Route
computation is the process that produces per-PE forwarding
tables, which are loaded at boot time. At K=128, segment-
based and Schley (VC=2) take 1,734 and 2,166 s respectively,
while DLR completes in 0.005 s and fault-ring in 0.003 s. Sch-
ley (VC=2) consumes 28.4 GB of peak memory at K=128 -
already nearly half the machine’s RAM at only 16K PEs — and
is infeasible at K=1,024 (OOM). Schley (VC=4) also exhausts
memory before K=1,024. At wafer scale (K=1,024), DLR com-
pletes in under 1s with 11-81 MB of memory depending on
Dy; fault-ring finishes in 0.004 s. Schley (VC=3) is feasible
but requires 58 s and 4.3 GB.

Three algorithms survive, with fundamentally dif-
ferent tradeoffs. The two-stage filter eliminates four of the
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Table 1. Scalability at K = 128 and 1,024 (N = K?). Routing state is the VC buffers and forwarding table each router holds at
run time. Buffer bytes are given at flit width w=64, with the VC-set count in parentheses, one VC per set and two slots per VC.
Offline route computation is paid once, before the chip runs; X marks a run that did not finish and OOM one that ran out of
memory. Fault-ring needs no forwarding table, computing its routes online from fault-block geometry.

Routing state (per router)

Offline route computation

Forwarding table

Time (s)

Peak memory

Algorithm VC buffer (sets) Complexity K=128 K=1024 Complexity =~ K=128 K=1024 K=128 K=1024
Autonet [29] 80B (1) O(N) 30KB 1.9MB O(N?) 37.5 x 5.6 MB OOM
Segment-based [20] 80B (1) O(N) 6KB 384KB O(N?) 1,734 X 11.9MB OOM
Schley [28] (VC=2) 160B (2) O(N) 8KB 512KB O(N?1ogN) 2,166 x  28.4GB OOM
Schley [28] (VC=4) 320B (4) O(N'/2) 159B  1.2KB O(N*?1logN) 43 X 223 MB OOM
Schley [28] (VC=8) 640 B (8) O(N% 34B 94B O(N*/*1log N) 0.36 58.0 405MB 4.3GB
Fault-ring [3] 160B (2) 0o(1) - — O(F?) 0.003  0.004 316KB  80.8 MB
DLR (D=0.1) 160 B (2) O(FlogN)  72B 99B  O(N+F?logF) 0.005 0.077 1.3MB 10.9MB
DLR (Dy=0.5) 160B (2) O(FlogN) 359B  494B  O(N+F%?logF) 0.005  0.428 13MB 39.5MB
DLR (Dy=1.0) 160B (2) O(FlogN) 718B  989B  O(N+F?logF) 0.005  0.814 1.3MB 80.5MB

seven evaluated algorithms: Autonet, segment-based, Sch-
ley (VC=2), and Schley (VC=4) all fail at K=1,024, either
exceeding per-PE SRAM or exhausting compute memory.
Three survive to wafer scale: (1) Fault-ring;: tableless, fastest
to compute - but may disable healthy PEs; (2) Schley (VC=8):
fully scalable, but requires 4x the VC sets and 750X (D=0.1)
to 70X (Dy=1.0) the computation time of DLR; and (3) DLR:
sub-KB storage, sub-second computation, 2 VC sets.

The key takeaway is that DLR is the only algorithm that
simultaneously achieves low storage, low computation cost,
and few VC sets — all because its complexity scales with
defect count F, not mesh size N. We evaluate routing quality
among these three survivors in §5.2.

5.2 Routing Quality

We evaluate routing quality along two axes: PE utilization
(DLR vs. fault-ring) and path quality (DLR vs. Schley (VC=8)).
All experiments use six defect patterns (Figure 6) at Dy = 0.1,
0.5, and 1.0 defects/cm?, representing typical defect patterns
in wafer manufacturing processes.

PE utilization: DLR vs. fault-ring. DLR and Schley (VC=8)

achieve 100% PE utilization across all configurations: ev-
ery healthy PE participates in both computation and routing.
Fault-ring, by contrast, disables healthy PEs to form rectan-
gular fault blocks, and its PE loss exhibits two problematic
characteristics revealed by Table 2.

Defect pattern sensitivity. Atafixed defect density, fault-
ring’s PE loss varies dramatically with spatial distribution.
At K=128 and Dy=0.5/cm?, random defects incur only 1.2%
average PE loss, yet center-concentrated defects (r~54 mm)
raise this to 23% — a 19x difference for the same number
of defects. At wafer scale (K=1,024), the average PE loss
drops below 0.1% for most patterns because defects become

Table 2. Fault-ring healthy PE loss (%) across six defect pat-
terns, two defect densities, and two mesh sizes. DLR and Sch-
ley (VC=8) achieve 0% loss in all configurations. At Dy=0.1,
loss is below 2% for all patterns (omitted).

Dy =0.5 Dy =1.0
Pattern K=128 1024 K=128 1024
Random avg 1.2 <01 46 <0.1
worst 10 <0.1 19 <0.1
Center, r=27mm avg 54 <0.1 43 <0.1
worst 25 0.1 25 0.5
Center, r*54mm avg 23 <0.1 22 <01
worst 49 0.2 48 0.2
Local, r=27mm  avg 54 <0.1 42 <0.1
worst 24 <0.1 24 0.2
Scratch, 6~30° avg 19 0.1 19 0.6
worst 55 2.6 55 5.0
Scratch, 6~80° avg 7.0 <0.1 7.0 0.1
worst 63 1.0 63 2.7

sparse relative to mesh size. However, scratch defects remain
an outlier: at Dy=1.0/cm?, scratch (6~30°) still causes 0.6%
average loss and, more critically, up to 5.0% worst-case loss
on a single row or column.

Average PE loss can understate the loss on individual rows
and columns. We therefore also report the worst-case loss for
a single row or column (worst in Table 2). Even at K=1,024
where averages appear benign, fault-ring’s worst-case per-
row loss reaches 2.6-5.0% under scratch patterns. At K=128,
this tail is severe: under scratch (0~80°), fault-ring loses up
to 63% of healthy PEs in the worst row. Since manufacturers
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Table 3. DLR/ Schley (VC=8) average hop count ratio (the lower the better) across traffic patterns, defect patterns, and mesh
sizes. Values below 1.0 indicate DLR uses fewer hops; values above 1.0 indicate longer paths. DLR uses 2 VC sets; Schley uses
8 VC sets (4X). Broadcast is the center-rooted forwarding chain, averaged over row- and column-direction.

Nearest Neighbor Broadcast Tree Reduce (col) Tree Reduce (row) Uniform Random
Pattern D, K=128 K=1024 K=128 K=1024 K=128 K=1024 K=128 K=1024 K=128 K=1024
0.1 1.01 1.00 1.00 1.00 1.00 1.00 3.47 3.52 1.68 1.60
Random 0.5 1.04 1.00 1.04 1.00 1.00 1.00 6.24 224 1.77 1.91
1.0 1.10 1.00 1.08 1.00 0.99 1.00 7.24 20.3 1.86 1.92
0.1 1.01 1.00 1.01 1.00 1.00 1.00 2.02 3.70 1.13 1.12
Center, r=27mm 0.5 1.03 1.00 1.03 1.00 1.02 1.00 1.58 9.04 1.14 1.17
1.0 1.00 1.00 0.99 1.01 0.99 1.05 0.99 11.5 1.14 1.18
0.1 1.00 1.00 1.00 1.00 1.00 1.00 2.42 4.01 1.23 1.25
Center, r~54mm 0.5 1.03 1.00 1.04 1.00 1.00 1.00 2.97 11.9 1.24 1.33
1.0 1.07 1.00 1.05 1.00 1.03 1.00 2.53 16.5 1.26 1.34
0.1 1.00 1.00 1.00 1.00 1.00 1.00 3.46 4.55 1.31 1.32
Local, r~27 mm 0.5 1.05 1.00 1.05 1.00 1.03 1.00 2.29 11.5 1.24 1.41
1.0 1.00 1.00 0.99 1.07 1.00 1.01 1.65 13.6 1.20 1.42
0.1 1.00 1.00 1.00 1.00 1.08 1.18 1.87 1.09 1.22 1.09
Scratch, 6~30° 0.5 1.10 1.00 1.10 1.00 1.06 1.00 1.09 7.97 1.31 1.29
1.0 1.10 1.00 1.10 1.00 1.06 1.01 1.09 11.4 1.31 1.31
0.1 1.01 1.00 1.02 1.00 1.00 1.04 1.20 1.56 1.11 1.19
Scratch, 6~80° 0.5 1.01 1.00 1.01 1.00 1.01 1.15 1.58 1.44 1.19 1.15
1.0 1.01 1.00 1.01 1.00 1.01 1.00 1.58 1.20 1.19 1.14

cannot control which defect pattern a wafer exhibits, the
fault-ring’s PE loss is unpredictable at deployment time.
Fault-ring’s PE loss is not merely a function of defect
count but of defect geometry — a quantity that varies from
wafer to wafer and cannot be controlled. As a key takeaway,
DLR eliminates this uncertainty entirely: regardless of defect
pattern, density, or mesh size, every healthy PE is utilized,
enabling deterministic capacity planning with zero waste.

Path quality: DLR vs. Schley (VC=8). Both DLR and
Schley (VC=8) achieve 100% PE utilization, enabling a direct
comparison on identical PE sets. The key hardware differ-
ence is the number of VC sets: DLR uses 2 VC sets; Schley
requires 4x as many. Table 3 reports the ratio of DLR’s av-
erage hop count to Schley’s across five traffic patterns, six
defect distributions, and two mesh sizes. A ratio of 1.0 means
identical path length; below 1.0 means DLR routes shorter.
Section 5.3 evaluates the end-to-end latency of the same
routes under contention.

5.3 Simulation

We evaluate each pattern’s end-to-end latency under con-
tention at K=1,024, the wafer-scale mesh DLR targets. To
reach this scale, we use an analytical flow-level simulation
with max-min fair bandwidth sharing: flows on a shared
link split its bandwidth equally. Each pattern of Table 3 is
simulated over the routes each scheme computes, with one

16B message per flow. A collective’s flows are dependency-
ordered: each starts only after the flows feeding it complete.
Uniform random keeps 1,024 messages in flight, one per
mesh row on average, drawn from 16,384 sampled source-
destination pairs. Per-flow latency decomposes into three
components: propagation — the per-hop latency accumu-
lated along the route; transmission - the message’s serial-
ization time; and queuing - the time spent waiting. Propa-
gation and transmission follow the WSE-3’s specifications.
Figure 7 shows the resulting decomposition against a
defect-free mesh (Ideal). Broadcast and tree reduce, whose

flows are dependency-chained, report each collective’s makespan

(completion time), decomposed along its critical path and
averaged over the concurrent collectives. Nearest-neighbor
and uniform random, whose flows are independent, report
mean per-flow latency.

Two facts explain both the hop ratios and the latencies.
First, a path could take extra hops only when it crosses sub-
mesh boundaries; traffic that stays inside one submesh routes
identically to a fault-free mesh. Second, wafer-scale kernels
consist mostly of local traffic — stencil and nearest-neighbor
exchanges between adjacent PEs, and broadcasts or reduc-
tions that run along single rows or columns [4, 5, 12, 19] -
and local traffic rarely crosses a boundary. Three observa-
tions follow.

Observation 1: DLR matches the defect-free ideal on
most patterns wafer-scale workloads use, in both hops
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Figure 7. Latency decomposition under contention at K=1,024 with 16B messages. Broadcast and tree reduce report each
collective’s makespan along its critical path, averaged over the concurrent collectives; nearest-neighbor and uniform random
report mean per-flow latency; each bar is labeled with its ratio to the ideal. In each panel, the leftmost bar is the defect-free
ideal; within each braced pair, the left bar is DLR and the right is Schley.

and latency. For nearest-neighbor and broadcast, DLR matches

Schley at the hop level: ratios of 1.00-1.10x and 0.99-1.10X,
and 1.00 in nearly every K=1,024 entry (Table 3), because
both patterns stay almost entirely intra-submesh. The simu-
lation shows that this parity holds under contention. Nearest-
neighbor latency is comparable for DLR, Schley, and the ideal
in every configuration; most of it is queuing: each PE’s four
incoming flows arrive nearly simultaneously and contend
for its single local port to eject. Broadcast forwards along a
chain (each participant receives the message and re-sends it
to its next neighbor). Most flows stay inside one submesh.
At most one flow per node is in flight, so queuing is ~0 and
the makespan matches the ideal at every density.

Observation 2: latency depends on the defect pattern
and partitioning policy. The partitioner cuts tight around
each defect (§4.2), so every defect could leave a submesh
strip just one PE wide (e.g., S; in Figure 5d) . If many such
strips fall in the same direction - for instance, along adjacent
columns, due to the 8~30° scratch in Figure 6 - traffic routing
row-wise will be forced to cross one such strip after another,
potentially resulting in non-minimal routes depending on
traversal order of the submeshes using up/down routing. In
contrast, traffic running along a column in this scenario will

cross far fewer submesh boundaries, naturally leading to
minimal or near-minimal paths.

Tree reduce demonstrates this. Tree reduce proceeds in
stages, whereby in stage s, PEs 257! hops apart combine their
partial results [12], so the communication distance doubles
from one stage to the next. The later stages, which have
the longest communication distances, therefore dominate
the critical path. A row-direction reduce crosses these one-
PE-wide strips one after another, while a column-direction
reduce runs along them. In hop count, the row direction
reaches 22.4x of Schley, whereas the column direction is
at most 1.18x of Schley (Table 3). The makespans follow,
with the row direction at 6.7 the ideal at Dy=0.1 and 10.8X
at Dy=1.0, against 1.2X for the column direction at Dy=0.1
(Figure 7).

Note that our partitioner cuts each defect’s column be-
fore its row, leaving columnar strips that affect row-wise
routing; cutting rows first would leave row-wise strips and
disrupt columnar routing instead. The key takeaway is that
the asymmetry is a partitioning artifact, not a property of
the routing scheme.

Observation 3: traffic without locality cannot always
take the shortest path. Communication between distant
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PEs often crosses several submesh boundaries. These cross-
ings must follow the same ascend-then-descend order, so
the path can take extra hops detouring through additional
submeshes. Uniform random traffic consists largely of such
communication. The extra hops depend heavily on defect ge-
ometry: clustered defect patterns (center, local, scratch) stay
within 1.09-1.42X of Schley, while purely random defects
fragment the mesh into more submeshes and push the ratio
to 1.60-1.92% in Table 3. The latencies follow the same trend,
as shown in Figure 7. Propagation dominates the latency
in every configuration. Inter-submesh flows concentrate on
the links near the highest-order submeshes, and at higher
loads random traffic would congest these links. In practice,
the workloads that run on wafer-scale meshes are locality-
aware [4, 12, 19, 26, 37] and rarely generate such traffic.

Takeaway and future work. The simulation confirms
the hop-level results under contention: DLR stays close to the
defect-free ideal on nearest-neighbor, broadcast, and reduce -
the patterns most critical to wafer-scale workloads — while
using a quarter of Schley’s VC sets. The one exception, the
row-direction tree, is a partitioning artifact rather than a
routing limitation. Two approaches could address it: (1) a
balance-aware partitioner, and (2) partition-aware relaying,
which ejects and re-injects at boundary PEs to split multi-
submesh paths [32]. We leave both as future work.

5.4 Hardware Cost

We quantify the silicon cost of DLR’s routing in two steps.
First, we size DLR’s routing table based on the per-wafer
defect-count distribution. Following that, we compare the
total storage required for the DLR router and Schley (VC=8),
the baseline with the best routing quality (§5.2, §5.3), against
a vanilla XY router (Table 4).

Table capacity. The routing-table capacity must be fixed
at design time, but the actual defect count is not known
then: it varies from wafer to wafer around the mean D, X
Achip (§2.2). Purely random defects are modeled by a Poisson
distribution, and spatially clustered defects by the negative
binomial model with clustering parameter « [6, 30]; we set
a = 2 as a representative clustering strength, following
ITRS [14]. Figure 8 plots the resulting distributions at Dy =
0.1/cm?: the mean is 46.5 defects, and clustering raises the
p95 to 112 («=2) - still only about a hundred defects.

Not every defect consumes table entries — a defective PE
with an intact router and links does not affect routability.
Routers occupy only 10-20% of PE area [9, 13, 23], so under
uniformly distributed defects only 10-20% disable a router
(§3), each adding at most four routing table entries, one per
sub-rectangle the cut produces (§4.2). Even a p95 wafer (112
defects, Figure 8) thus needs at most 112 0.2X4 ~ 90 entries
for router defects; we provision 128, the smallest power of
two covering this need. A channel defect costs two entries
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Figure 8. Per-wafer defect-count CDF at Dy=0.1/cm?. Defect
clustering widens the tail and the p95 reaches 112 at a=2.

Table 4. DLR router overhead relative to a vanilla XY router
as a function of flit width w. Each block’s header row is
the total ratio relative to the vanilla router; the rows below
break down each component’s share. DLR’s index-to-port
LUT and Schley (VC=8)’s hold 128 entries each (§5.4); DLR’s
submesh-to-index table is in the PE’s SRAM and does not
require dedicated storage.

(a) Area

w=32 w=64 w=128 w=256

DLR router 1.77x  1.54X 1.39% 1.31x
Logic 12% 8% 5% 3%
Crossbar 22% 29% 35% 39%
VC buffers 32% 40% 46% 50%
LUT 34% 23% 14% 8%

Schley (VC=8) router 3.76x 3.50x 3.35X  3.26X
Logic 5% 3% 2% 1%
Crossbar 10% 13% 15% 16%
VC buffers 61% 69% 75% 78%
LUT 24% 15% 8% 5%

(b) Power

w=32 w=64 w=128 w=256

DLR router 1.23x  1.23X 1.19% 1.19%
Logic 27%  16% 9% 4%
Crossbar 7% 9% 11% 13%
VC buffers 61% 72% 79% 82%
LUT 5% 3% 1% 1%

Schley (VC=8) router 3.09x 3.28x 3.40x 3.36X
Logic 11% 6% 3% 2%
Crossbar 3% 3% 4% 4%
VC buffers 83% 89% 92% 94%
LUT 3% 2% 1% ~0%

(§4.2), so the remaining capacity of the 128-entry LUT can
accommodate about 20 channel defects.

Should a wafer’s defects nonetheless exceed the provi-
sioned table capacity, DLR degrades gracefully rather than
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forcing the wafer to be discarded. The excess defects are
disabled with the row/column mechanism proposed for to-
day’s wafer-scale systems [18], and DLR routes around the
remaining defects as usual; §7 discusses this composition.
For a 1,024 X 1,024 mesh, Schley (VC=8) needs 125 entries,
so Table 4 synthesizes both routers’ tables at 128 entries.

Router implementations. The vanilla router consists of
a 5-port crossbar, an XY arbiter, five input buffers, and a
switch allocator. The DLR router doubles the input buffers
to two VC sets. We assume one VC per set and two buffer
slots per VC at each port, enough to hold one flit while the
other is in flight. More slots, or more VCs per set (e.g., for
protocol deadlock avoidance), would scale the buffers of DLR
and Schley (VC=8) alike.

A direct implementation of the per-PE routing state (§4.4)
needs a content-addressable memory (CAM) to match the
bounding boxes at every hop, which is costly in both area
and power (Table 4). Instead, DLR splits that state into two
tables, a submesh-to-index table in each PE’s SRAM and an
index-to-port LUT in the router. At system boot time, the sub-
meshes are indexed and both tables are filled. When routing
a message, the sender queries the submesh-to-index table
once, finding the submesh whose bounding box contains the
destination, and carries that index in the message header.
Each router then reads its LUT at the index encoded in the
table, so no bounding-box matching is needed.

For storage efficiency, DLR also optimizes the buffer orga-
nization. Rather than giving each VC set its own two slots,
each port has one private slot per set plus one slot the two
sets share [22, 31]; the sets contend for the shared slot only
when both private ones are occupied. We apply the same
optimization to the Schley router, allowing every pair of VC
sets to share a slot.

Area and power. Table 4 reports router area and power
relative to the vanilla router across flit widths. Storage bits
are counted at SRAM bit-cell density; power is measured at
1 GHz and 10% input activity, and the routing table is written
once at configuration. The shares within each router sum to
100%. Relative to the vanilla router, DLR costs 1.77X the area
and 1.23X the power at w=32, falling to 1.31X and 1.19x at
w=256, while Schley (VC=8) costs 3.76X to 3.26X the area
and 3.09% to 3.40% the power. Since routers typically occupy
10-20% of PE area, DLR adds at most 15% of a PE, whereas
Schley adds up to 55%.

Two components account for the difference between DLR
and Schley: the LUT and the VC buffers. For the LUT, each
entry indicates (1) an output port, which requires 3 bits in a
5-ported router; and (2) a VC set for the next hop, requiring
3 bits for Schley with 8 VC sets and 1 bit for DLR with 2
sets. Schley’s LUT entries are therefore 6 bits to DLR’s 4,
making Schley’s LUT 1.5X the area. For the VC buffers, area
scales with the number of sets, so Schley’s are 4x DLR’s.
They dominate Schley’s router, taking 61-78% of its area and
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83-94% of its power, against 32-50% and 61-82% for DLR.
Both shares rise with the flit width, and more slots per port
would raise them further, at 4x the cost for Schley.

Putting everything together, we can conclude that on most
patterns characteristic of wafer-scale workloads, DLR is com-
petitive with Schley’s path lengths and latency at under half
its router area and a third of its power.

6 Related Work

Table compression. Region-based routing [11] groups
destinations into rectangular regions sharing the same out-
put port, reducing table entries per router. uLBDR [27] and
d2-LBDR [2] encode forwarding logic into compact per-port
registers. These are compression techniques applied on top
of existing routing algorithms—they reduce storage but do
not change the underlying O(N?) route computation, which
remains infeasible at wafer scale. DLR achieves O(F log N)
storage natively.

Higher-dimensional meshes. Xiang et al. [35] target
three-dimensional meshes, routing adaptively through the
x-y and y-z planes to stay deadlock-free with 2 VC sets,
based on a minimum-connected-component (MCC) fault
model that marks the healthy nodes around a fault as unsafe
to route through. DLR targets the two-dimensional mesh of
a wafer-scale chip, where every healthy PE stays routable.

Dynamic reconfiguration. Deadlock-free dynamic re-
configuration [10, 24], epoch-based schemes [21], runtime
routing reconfiguration [15], and ARIADNE [1] address run-
time fault recovery by managing transitions between routing
configurations. Immunet [25] reconfigures at runtime around
any faults that leave the network connected, reserving a safe
virtual network in which deadlock cannot occur. DLR is de-
signed for offline computation at boot time; extending it with
incremental updates for runtime faults is future work.

7 Discussion

Current limitations. DLR has several current limitations.
First, routing quality is sensitive to the partitioning policy.
Our current policy cuts along each router defect’s row and
column, which favors traffic aligned with the cuts; §5.3 shows
the resulting row—column asymmetry. A policy that balances
the two directions, or that accounts for the collectives a
wafer-scale workload actually runs, remains open. Second,
our evaluation shows that DLR scales well across increasing
defect densities and a range of defect patterns. Characterizing
its worst-case and failure-case behavior under a broader set
of patterns requires deeper engagement with frontier wafer-
scale system designers.

Mapping and routing. Mapping and routing can in prin-
ciple be coupled. In this paper, however, we assume that the
mapping is provided by the application. This is consistent
with today’s wafer-scale systems. For example, WaferLLM
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empirically determines how LLM layers are mapped onto
physical cores; DLR complements such empirical mapping
with the routing support. We leave the joint optimization of
mapping and routing to future work.

Composability with industrial repair mechanisms.
Production wafer-scale systems already have defect-repair
mechanisms. Cerebras’ patent [18] describes two options:
physical redundancy, which provisions spare rows of PEs
and reconstructs the logical mesh through bypass links, and
disabling of the entire rows and columns that contain defects.
Both sacrifice healthy PEs. DLR composes with these mech-
anisms rather than competing: DLR absorbs the expected
dozens of defects with zero PE loss, while row/column dis-
abling remains the fallback for the rare wafer whose defects
exceed the provisioned table capacity (§5.4). An architect can
therefore layer DLR on top of the existing repair mechanisms
while retaining that fallback; the PEs DLR preserves are put
to use by defect-aware mapping, which places computation
only on healthy PEs (§3). Cerebras’ WSE already routes over
tens of colors, akin to virtual channels, and carries routing
configuration in every router [5, 18]; DLR’s two VC sets and
LUT are similar router state, with routes computed auto-
matically from the defect map rather than configured per
application. By reducing the reliance on hardware redun-
dancy that currently constrains design choices and sacrifices
compute cores, DLR widens the design space available to
wafer-scale architects.

8 Conclusion

Wafer-scale systems promise unprecedented efficiency for
Al but defects turn routing into a fundamental scalability
bottleneck. We show that this bottleneck can be removed
without sacrificing healthy PEs or incurring the heavy costs
of prior FT routing schemes. By exploiting the mostly in-
tact structure of real wafers and preserving the locality that
wafer-scale workloads depend on, DLR achieves scalable,
low-overhead, and fully utilizable FT routing for million-PE
meshes. This shifts defect tolerance from a source of silicon
loss into an opportunity for better wafer-scale system design.
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