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Abstract—Since the Volta architecture introduced Independent
Thread Scheduling (ITS) in 2017, giving every thread its own
program counter, NVIDIA GPUs have been widely assumed to
handle control-flow divergence in a fixed manner. We test that
assumption with a cross-generational study of warp divergence
spanning Ampere, Hopper, and both the datacenter and con-
sumer variants of Blackwell, anchored against a pre-ITS Pascal
baseline. Combining cycle-accurate microbenchmarks, hardware
performance counters, and static analysis of compiler-generated
SASS, we separate what has remained invariant from what has
evolved. We find that the dynamic cost of divergence varies little
across the tested generations. Divergent paths serialize strictly
linearly in the number of paths k& (T'(k) =~ s-k, with no super-
linear reconvergence penalty), warp execution efficiency falls as
exactly 32/k, and this behavior is independent of occupancy and
identical across the four post-ITS generations; the same linear
cost, predication remedy, and occupancy-invariance already hold
on the pre-ITS Pascal baseline, so this behavior predates ITS. The
static reconvergence machinery the compiler emits has changed
substantially. Pascal reconverges through a per-warp instruc-
tion stack (SSY/SYNC) that the ITS generations replace with
barrier-register instructions. The fraction of divergent branches
that reconverge later than the immediate post-dominator, the
deferred reconvergence that classical SIMT-stack hardware relied
on, collapses from 29 cases on Ampere to 2 on Blackwell.
Blackwell additionally introduces a two-tier convergence barrier
(a previously undocumented .RELIABLE class distinct from
.RECONVERGENT, encoded in a 2-bit field), uniform-branch
instructions, and explicit partial-mask warp synchronization,
none of which exist on Ampere or Hopper. Controlled bit-
flip experiments show this barrier class is a static compiler
classification with no observable runtime effect in our tests. ITS
has changed beneath a stable programmer-visible cost model.
Divergence still serializes predictably, while the control-flow ISA
and reconvergence mechanisms continue to evolve.

Index Terms—GPU, SIMT, warp divergence, Independent
Thread Scheduling, reconvergence, control flow, microbench-
marking, Blackwell.

I. INTRODUCTION

The single-instruction, multiple-thread (SIMT) execution
model groups 32 threads into a warp that shares one
instruction-fetch stream [1]. When threads in a warp take
different sides of a data-dependent branch, the warp diverges.
The hardware must execute the taken paths separately, leaving
lanes idle on each path and eroding the SIMD efficiency that
makes GPUs fast. Control-flow divergence has accordingly
been one of the most studied GPU performance pathologies,
motivating a long line of hardware reconvergence mecha-
nisms [2]-[5] and compiler techniques [6]-[9].

Pre-Volta GPUs managed divergence with a per-warp re-
convergence stack that forced threads back together at the

immediate post-dominator (IPDom) of each branch [2]. The
model gives a correct reconvergence rule, but it can block
a thread holding a lock while its peers spin, producing
deadlocks [10]. Volta’s Independent Thread Scheduling (ITS)
gave each thread an independent program counter and call
stack to break this limitation [11]. Because ITS is described
only informally in vendor whitepapers and its hardware is
closed, a widespread assumption has taken hold. Post-Volta
divergence handling is often treated as essentially settled, with
Ampere results presumed to transfer unchanged to Hopper or
Blackwell.

Recent microarchitecture-dissection papers reinforce this
blind spot. Thorough microbenchmark studies of Volta [12],
Turing [13], Ampere [14], Hopper [15], and Blackwell [16]
characterize the memory hierarchy, tensor cores, and instruc-
tion throughput in depth, while saying almost nothing about
control-flow divergence. The most detailed SASS-level reverse
engineering of GPU control flow to date [17] covers a single
architecture (Turing). No prior work asks whether ITS diver-
gence behavior has changed across generations, nor measures
it on Blackwell.

We close that gap. Using microbenchmarks, GPU hardware
performance counters, and static analysis of compiler-emitted
SASS, we characterize warp divergence on four post-ITS
GPUs spanning three generations and two Blackwell variants,
together with a pre-ITS Pascal baseline (Table I). Our guiding
question is whether ITS has stood still. The answer has
two parts. The dynamic behavior a programmer observes is
invariant, while the static control-flow machinery the compiler
and ISA expose has changed.

Contributions.

e A cross-generational cost model for warp divergence
(Ampere, Hopper, Blackwell x2), showing that diver-
gence serializes linearly (7'(k) =~ s-k) with a small con-
stant per path and no super-linear reconvergence penalty
up to a full 32-way split; the same law already governs
a pre-ITS Pascal part, so linear serialization predates ITS
(Section 1V).

o An independent hardware-counter confirmation that warp
execution efficiency falls as exactly 32/k, generation-
invariant, together with the finding that the diver-
gence penalty is occupancy-invariant because it is an
instruction-issue cost that additional resident warps can-
not hide (Section IV).

o A cross-generational static analysis of reconvergence
placement relative to the IPDom, showing that de-
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ferred (later-than-IPDom) reconvergence, the regime clas-
sical stack hardware depends on, all but disappears on
Blackwell, and that the pre-ITS part still uses the lit-
eral SSY/SYNC instruction stack that the barrier-register
scheme replaced (Section V).

o The first description of Blackwell’s two-tier convergence-
barrier scheme (.RECONVERGENT vs. .RELIABLE,
a 2-bit barrier class), its uniform-branch instruction
BRA.U, and its explicit partial-mask WARPSYNC, none
of which appear on Ampere or Hopper; controlled bit-
flip experiments further show the barrier class is a static
classification with no observable runtime effect in our
tests (Section V).

II. BACKGROUND
A. SIMT, reconvergence, and the IPDom stack

A warp executes one instruction at a time across an active
mask of up to 32 lanes. A divergent branch partitions the
active lanes; the hardware executes each resulting path with
a reduced active mask and must eventually reconverge them.
The classical mechanism is a per-warp stack that reconverges
threads at the immediate post-dominator of the branch, the
earliest instruction that all paths must reach [2]. A large body
of work improves on IPDom-stack reconvergence through dy-
namic warp formation [2], thread-block compaction [3], warp
subdivision [4], thread frontiers [5], stack-less designs [18],
and divergence-aware scheduling [19]-[21].

B. Independent Thread Scheduling

Volta replaced the single per-warp PC with per-thread
state, enabling threads on different paths to be scheduled
independently and guaranteeing forward progress [11]. This
removed the classic spin-lock deadlock that the stack model
permits [10], [22], at the cost of no longer guaranteeing
implicit reconvergence, hence the introduction of explicit
__syncwarp () convergence barriers. How ITS schedules
divergent paths in practice, and whether that scheduling has
changed since Volta, is not publicly documented.

C. SASS control flow and the scheduling control word

NVIDIA GPUs execute a proprietary binary ISA (SASS).
Since Volta, each instruction is 128 bits and carries a compiler-
assigned scheduling control word encoding a stall count, a
yield hint, scoreboard dependencies, and a reuse cache [12].
Post-Volta control flow is managed by explicit instructions.
BSSY establishes a reconvergence barrier at a target PC, and
BSYNC waits on it rather than relying on an implicit hardware
stack [17]. We analyze how these instructions are emitted
across generations in Section V.

III. EXPERIMENTAL SETUP

We characterize divergence along two axes. Dynamic ex-
periments in Section IV run microbenchmarks on the tested
GPUs. Static experiments in Section V compile a kernel corpus
for every architecture and analyze the resulting SASS. Because
compilation targets any architecture from one host, the static

TABLE I
TESTBED. THE POST-ITS GPUSs RUN CUDA 13; THE PRE-ITS PASCAL
BASELINE RUNS CUDA 12.4.

Architecture GPU SMs  Compute cap.
Pascal (pre-ITS) GTX 1080 20  sm_61
Ampere RTX A6000 / RTX 3090 84/82  sm_86
Hopper H100 132 sm_90
Blackwell (server) Jetson AGX Thor 20 sm_110
Blackwell (consumer) RTX 5080 84  sm_120

study additionally covers the full sm_80 through sm_120
range; the pre-ITS Pascal (sm_61) SASS was produced on
the Pascal host itself, as current toolchains no longer target it.
Cycle measurements. The dynamic microbenchmarks bracket
the region of interest with the clock64 () SM cycle counter.
Cycle counts are frequency-independent, so per-path slopes
are directly comparable across GPUs despite different clocks.
Each datum is the median of 201 launches. The coefficient of
variation is below 10~% on every GPU, so the measurement
is effectively deterministic and we omit error bars.

Forcing genuine divergence. A subtle methodological hazard
is that the compiler may predicate a short or simple branch,
executing both sides under a per-lane mask with the full warp
active, rather than emit a true divergent branch. Predicated
code has the same instruction count but does not reduce
SIMD utilization, so it could be mistaken for divergence in a
timing experiment while a counter would show full efficiency.
We defend against this in two ways. Every divergent kernel
forces a real branch, using a long, non-mergeable loop body
per path bracketed by per-class ___syncwarp (), and the
disassembly confirms that each kernel emits BSSY/BSYNC
reconvergence barriers (SSY/SYNC on the pre-ITS part). We
additionally validate our efficiency counter against kernels
of known divergence (a convergent kernel reads 32.0 active
threads per instruction, a 2-way split 16.3, a 32-way split 1.6).

Efficiency counter. We  measure warp  execu-
tion efficiency with the Nsight Compute met-
ric smsp__thread_inst_executed_per_

inst_executed.ratio, the average number of active
threads per issued warp-instruction (32 when fully converged).

IV. THE COST OF DIVERGENCE

A. Divergence is linear path serialization

Our central dynamic experiment varies the number of
distinct paths k£ a warp takes through a balanced divergent
region. All k paths perform identical work, so an ideal SIMT
machine that serializes paths should take time proportional to
k. Figure 1 plots the measured region latency against & for all
four post-ITS GPUs and the pre-ITS Pascal part on log-log
axes.

The data fit T'(k) ~ s-k + ¢ with high precision. The per-
path slope s is 54.1k cycles on Ampere, 58.1k on Hopper,
46.1k on both Blackwell parts, and 70.1k on the pre-ITS
Pascal part. The constant overhead c is roughly 2k cycles
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Fig. 1. Divergence cost is linear in the number of paths k£ on every generation,
including the pre-ITS Pascal part. All curves are parallel to the ideal kX
serialization line; the per-path slope is the only difference, and the two
Blackwell parts are indistinguishable. Log—log axes.

on the post-ITS parts and negligible on Pascal. A full 32-
way split therefore costs 31.7-31.9x a single path on every
part, i.e., essentially perfect linear serialization with no mea-
surable super-linear reconvergence penalty. The cost model is
generation-invariant, with divergence serializing the same way
on Ampere as on Blackwell. Crucially, the pre-ITS Pascal part
obeys the identical linear law (per-path cost flat to within
0.6% across k), so linear path serialization is a property of
the SIMT execution model itself rather than of ITS; Pascal’s
larger per-path constant merely reflects its lower single-thread
throughput. The per-path constant tracks general single-thread
throughput. Blackwell executes a path about 15-20% faster
than Hopper, rather than changing how divergence is handled.
The numerically identical slopes of the server (sm_110) and
consumer (sm_120) Blackwell parts indicate that the per-path
cost is an architecture-family property, not a chip-specific one.

B. Efficiency falls as 32/k

The timing result implies that SIMD efficiency should fall as
32/k. A k-way divergent region issues the same instructions k
times, each with 32/k active lanes. Figure 2 confirms this di-
rectly with hardware counters. On all four post-ITS GPUs the
average number of active threads per warp-instruction tracks
the 32/k ideal almost exactly (31.9,16.2,8.3,4.25,2.23,1.21
fork =1,2,4,8,16, 32), and the four curves are indistinguish-
able. This independent instrument confirms that the linear cost
of Figure 1 is genuine divergence (lost SIMD utilization) rather
than an artifact of predicated or redundant execution. The pre-
ITS Pascal part is omitted from this counter measurement,
as its performance counters are gated to administrators on the
available driver; its linear cost (Fig. 1) and occupancy-invariant
penalty (Fig. 3) establish the same lost-utilization effect by
timing.
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Fig. 2. Warp execution efficiency (active threads per issued instruction) falls
as 32/k on every generation. The four curves overlap. Measured with Nsight
Compute. Log—log axes.

C. Predication removes the serialization

Replacing a two-way divergent branch with a predicated,
branch-free formulation that computes both arms collapses the
cost from 2.00x to 1x on all four post-ITS GPUs (measured
ratios within 0.5% of 2.00), and from 1.94Xx on the pre-
ITS Pascal part. This quantifies the well-known guidance to
predicate small branches, and confirms it is equally valid from
Pascal through Blackwell.

D. The penalty is occupancy-invariant

One might expect a heavily occupied GPU to hide diver-
gence by interleaving other warps. Figure 3 shows otherwise.
It sweeps the number of resident warps from light to over-
subscribed and measures the 32-way divergence penalty. The
penalty stays at 28-31x across the entire range, including
the pre-ITS Pascal part (29.9-30.9x), because divergence
raises the number of issued instructions. A divergent warp
issues kx more instructions, while occupancy hides latency
rather than issue count. Divergence therefore cannot be amor-
tized by adding warps, which makes its elimination (e.g., by
predication or data reorganization) the only effective remedy
regardless of how busy the GPU is.

E. Forward progress holds, but paths run in order

ITS guarantees forward progress, and our experiments con-
firm it on every post-ITS generation. A warp in which all
32 lanes contend for a single lock (each acquiring, entering
a critical section, and releasing) terminates correctly with all
lanes served on every generation we tested, the pre-ITS Pascal
part included; this particular lock releases within the acquiring
branch, so it does not exercise the classical stack deadlock,
which requires an unbounded intra-warp peer-wait we do
not run on shared hardware. However, a producer/consumer
probe in which one lane must run before the others can
proceed reveals that divergent paths are scheduled in structural
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Fig. 3. The 32-way divergence penalty is occupancy-invariant: it stays near
30x from light to oversubscribed occupancy, on the pre-ITS Pascal part as
well as the post-ITS generations. Dotted series mark the two generations
measured at fewer occupancy points. Divergence is an issue-rate cost that
resident warps cannot hide.

order and run to completion. The consumer lanes observe
the producer’s result after at most two spin iterations even
when the producer performs 107 iterations of work. ITS thus
provides the forward-progress guarantee without fine-grained
interleaving of divergent paths in the absence of contended
synchronization, giving the model’s promise a practical scope.

V. RECONVERGENCE ACROSS GENERATIONS

If the dynamic cost of divergence is stable, the static
machinery the compiler emits to manage it still changes.
We compile a 38-kernel corpus spanning simple and nested
branches, switch statements, loops with early exits, short-
circuit evaluation, and deliberately irreducible control flow for
every architecture from sm_80 to sm_120, and analyze the
resulting SASS. For each divergent branch on these barrier-
register generations we reconstruct the control-flow graph,
compute the immediate post-dominator, and classify where
the compiler places the matching BSYNC reconvergence point;
the pre-ITS Pascal part, which has no such barriers, we treat
separately first.

A. From an instruction stack to barrier registers

The pre-ITS Pascal part exposes the mechanism the later
generations replaced. Its divergent regions are bracketed by the
classical reconvergence-stack instructions SSY, which pushes
a reconvergence PC, and SYNC, which pops it; nested diver-
gence produces nested SSY/SYNC pairs. Not a single BSSY,
BSYNC, or BREAK appears anywhere in the Pascal corpus.
Every post-Volta generation instead manages reconvergence
with the barrier-register instructions BSSY/BSYNC analyzed
below, and Blackwell layers its reliability-tagged two-tier
scheme on top. The progression is thus a per-warp instruction
stack (Pascal) — bare barrier registers (Ampere, Hopper) —
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Fig. 4. Reconvergence placement relative to the immediate post-dominator
across generations. Deferred (later-than-IPDom) reconvergence, annotated,
collapses from 29 on Ampere to 2 on Blackwell.

reliability-tagged barrier registers (Blackwell), even as the
measured cost of divergence (Section IV) stays fixed across
all of them.

B. Deferred reconvergence disappears

Figure 4 shows the result. On Ampere, 29 divergent
branches reconverge later than the IPDom. Deferred recon-
vergence is the regime in which the classical stack postpones
the merge through unrolled or nested loops. This deferred
tail shrinks to 7 on Hopper and to just 2 on Blackwell. The
fraction of branches reconverging exactly at the IPDom rises
correspondingly from 72.7% (Ampere) to 90.8% (Hopper),
with Blackwell at 83.2% trading the vanished deferred tail for
a new class of earlier-than-IPDom reconvergence discussed
below. Successive generations tighten reconvergence toward
the post-dominator and, in a controlled way, increasingly past
it.

C. A two-tier convergence barrier on Blackwell

Blackwell’s earlier-than-IPDom reconvergences are not or-
dinary barriers. On sm_100 and later, the BSSY/BSYNC in-
structions carry one of two modifiers that do not exist on
Hopper or earlier, where the barriers are bare. We find these
modifiers occupy a 2-bit reliability field in the instruction
encoding with two non-zero values:

¢ .RECONVERGENT: the true post-dominator merge, the
genuine reconvergence point, which we observe is never
broken out of; and
e .RELIABLE: an early, partial reconvergence placed
at unrolled-iteration and short-circuit-clause boundaries,
nested inside the enclosing . RECONVERGENT region.
The distinction is visible in the encoding as well as in
placement. The BREAK instruction is encoding-restricted to
the .RELIABLE class, so .RELIABLE is the barrier class
that a subset of lanes may exit early via BREAK, while



.RECONVERGENT is the merge that all lanes ultimately reach.
This two-tier scheme, an early partial-reconvergence barrier
layered inside an IPDom-exact one, cannot be expressed by
the single bare barrier of earlier generations, and accounts for
Blackwell’s controlled population of before-IPDom reconver-
gences.

We further test whether the field carries any runtime mean-
ing beyond this encoding role. We rewrite the 2-bit field
directly in compiled cubins, verify the single edit in the
disassembly, and run the mutated kernels through the driver
API. A positive control, in which disabling a store changes
the output, confirms that the driver executes the patched bytes
rather than re-deriving them.

With that control in place, flipping the field across all of its
values leaves output, completion, warp-level forward progress,
a convergence-sensitive partner exchange, and cycle counts
unchanged on every kernel we tried. This includes mismatched
BSSY/BSYNC pairs and a BREAK . RECONVERGENT encoding
that the disassembler can print after mutation but the assembler
does not emit for this control-flow pattern. We therefore read
the field as a static compiler and assembler classification
rather than a runtime control, within the tested executions. Re-
convergence and forward-progress behavior is determined by
the barrier-register machinery and the BSSY/BSYNC/BREAK
opcodes, while the reliability bit records which barrier is
the true post-dominator merge versus a breakable partial
one. Blackwell also executes the pre-Blackwell bare encoding
identically in these tests.

D. Uniform branches and partial-mask synchronization

Two further control-flow features are Blackwell-only in our
corpus (Table II). First, Blackwell emits a uniform-branch
instruction BRA . U, predicated on a uniform datapath register
and preceded by a uniform ISETP, that the compiler uses
to mark provably non-divergent branches (23 occurrences on
Blackwell, 0 on Ampere/Hopper); it replaces divergent BRAS
where the compiler can prove uniformity, making the static
distinction between uniform and divergent control flow. Sec-
ond, partial-mask warp intrinsics (a __shfl/ syncwarp
under a data-dependent mask) emit an explicit WARPSYNC
on Blackwell but compile to bare shuffles with no barrier on
Ampere and Hopper. Blackwell makes partial-mask reconver-
gence explicit in the ISA. Across all generations we never
observe the BMOV barrier-spill instruction, and Blackwell caps
the live reconvergence-barrier nesting depth at 3 versus 4 on
older parts, predicating one additional level instead of spilling.

VI. DISCUSSION

Our results draw a clean line between the parts of ITS that
are stable and the parts that are moving.
For programmers and performance models, the stability
is good news. A divergence cost model calibrated on one
post-Volta generation transfers to the next: k-way divergence
costs kx, efficiency is 32/k, predication recovers it, and
no amount of occupancy hides it. Analytical models [23]
and simulators [24], [25] can treat the divergence-cost kernel

TABLE II
CONTROL-FLOW ISA FEATURES BY GENERATION (STATIC CORPUS).
BLACKWELL ADDS SEVERAL MECHANISMS ABSENT ON AMPERE/HOPPER.

Feature Ampere  Hopper  Blackwell
Reconverge at IPDom (rate) 72.7% 90.8% 83.2%
Deferred (after-IPDom) branches 29 7 2
Barrier modifiers (. RECONVERGENT/.RELIABLE) none none yes
Uniform branch BRA.U 0 0 23
Partial-mask WARPSYNC no no yes
Max barrier nesting depth 4 4 3

as fixed across Ampere—Blackwell. The occupancy-invariance
result is a particularly actionable correction to the common
intuition that a busy GPU “absorbs” divergence; it does not,
because divergence inflates issue count rather than exposing
latency.

For architects and tool builders, the evolving static ma-
chinery is where the action is. The disappearance of deferred
reconvergence and the appearance of a two-tier barrier show
that Blackwell’s compiler and ISA represent reconvergence
distinctions more explicitly than earlier generations. Our bit-
flip experiments indicate that the .RELIABLE field itself is
not a runtime control in the tested executions, but it remains
concrete ISA-level evidence that NVIDIA continues to expose
new control-flow structure well after ITS. This contradicts the
assumption that the model froze with Volta. Binary-analysis
tools [26], [27] and SASS-level models [17], [28] that target a
single generation will mis-model Blackwell control flow unless
they incorporate these instructions.

Limitations. Our dynamic study now includes a pre-ITS
Pascal part, but our bounded forward-progress probes complete
on it as well; forcing the classical stack deadlock needs an
unbounded intra-warp peer-wait that we do not run on shared
hardware, so we still rely on prior analysis [10] for that
contrast. Our .RELIABLE result rests on single-warp bit-
flip experiments on sm_110, and does not exclude effects
in untested regimes such as specific multi-warp scheduling
corners or consumption of the field by profilers and debug-
gers. Finally, our divergence kernels are designed to isolate
path serialization. Real applications interleave divergence with
memory divergence, which we do not separate here.

VII. RELATED WORK

Microarchitecture dissection. A rich line of microbench-
mark studies has characterized successive NVIDIA genera-
tions, including Volta and Turing [12], [13], Ampere [14],
Hopper [15], and Blackwell [16], as well as the core mi-
croarchitecture and issue logic [28]. These works focus on
memory, tensor cores, and instruction throughput. Control-
flow divergence is essentially absent from them. We add the
control-flow dimension and, uniquely, study how it changes
across generations rather than within one.

Divergence mechanisms and mitigation. The reconvergence
problem has a long history, including dynamic warp forma-
tion [2], thread-block compaction [3], warp subdivision [4],
large warps [20], intra-warp compaction [21], thread fron-
tiers [5], stack-less reconvergence [18], and divergence-aware



scheduling [19], complemented by compiler divergence anal-
ysis [6], [7] and scalarization/melding [8], [9]. This body of
work largely predates or assumes the IPDom-stack model. Our
measurements show how far production hardware has since
moved its reconvergence points, and characterize the forward-
progress behavior that ITS [11], [22] introduced.

SASS control flow. The closest prior work reverse-engineers
Turing’s control-flow instructions and builds a model of
its reconvergence mechanism [17]. We extend that style of
analysis across four architecture families (eight compute ca-
pabilities, sm_61 through sm_120), contrasting the pre-ITS
SSY/SYNC stack with the barrier-register scheme, and surface
the Blackwell-specific instructions and barrier classes it could
not have observed.

Divergence cost measurement. An early study benchmarked
the cost of thread divergence on pre-ITS hardware [29]. We
revisit that question across four post-ITS generations and,
closing the loop with that pre-ITS setting, a Pascal part, with a
hardware-counter cross-check and a control for compiler pred-
ication, and contribute the occupancy-invariance and cross-
generational-invariance results.

VIII. CONCLUSION

We asked whether Independent Thread Scheduling has stood
still since Volta. The answer is a qualified no. The measured
cost of divergence is stable across Ampere, Hopper, and both
Blackwell variants, and its linear form already appears on
pre-ITS Pascal. Divergent regions serialize linearly, efficiency
falls as 32/k, predication recovers the lost utilization, and
additional occupancy does not hide the issue cost. At the
same time, the reconvergence machinery exposed by the
compiler and ISA has changed markedly. The pre-ITS part
reconverges through a classical SSY/SYNC instruction stack;
every ITS generation replaces it with barrier registers, deferred
reconvergence has all but vanished, and Blackwell introduces
a two-tier .RECONVERGENT/.RELIABLE barrier scheme,
uniform branches, and explicit partial-mask synchronization
that no earlier generation emits. Performance models can rely
on the measured cost behavior across these generations, while
architecture and tooling work must account for the changing
control-flow ISA.
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