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Figure S1. Contribution of vcfbub and vcfwave to allele count recovery
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Figure S1. Recovery of simulated structural variant allele counts at three points in the VCF conversion chain, across 108 stratified replicates on chromosome 20 (2,592 variants, 432 per size class). (a) Fraction of variants whose true allele count appears among the alternate allele counts at an overlapping site. (b) The same criterion with the additional requirement that the matched site carry at most two alleles, so the count is identifiable without prior knowledge of the true value. Lines for vg deconstruct and vcfbub coincide almost exactly in both panels, because vcfbub changes the overall rate by 0.001 and leaves every size class unchanged to three decimal places; the dashed vcfbub line is drawn over the solid vg deconstruct line. Shaded bands are Wilson binomial intervals on n = 432 per point and do not account for clustering of variants within windows; interval estimates for the main results use a cluster robust estimator. Values plotted are those in Table S1.
Table S1. Recovery by size class and conversion stage

	SV size class
	n
	Raw
	vcfbub
	vcfwave
	Raw
	vcfbub
	vcfwave

	100 bp
	432
	0.988
	0.986
	0.988
	0.975
	0.970
	0.988

	300 bp
	432
	0.977
	0.977
	0.977
	0.903
	0.903
	0.977

	1 kb
	432
	0.988
	0.988
	0.988
	0.597
	0.595
	0.988

	3 kb
	432
	0.903
	0.903
	0.898
	0.227
	0.227
	0.898

	10 kb
	432
	0.787
	0.787
	0.782
	0.062
	0.062
	0.782

	30 kb
	432
	0.623
	0.623
	0.553
	0.035
	0.035
	0.553

	Overall
	2,592
	0.8777
	0.8773
	0.8646
	0.4664
	0.4653
	0.8646


Table S1. PGGB graphs, 108 replicates on chromosome 20. Columns 3 to 5 give the permissive criterion (true allele count present among the alternate allele counts at an overlapping site); columns 6 to 8 give readable recovery, which additionally requires the matched site to carry at most two alleles. Overall values are computed across all 2,592 variants, not as the mean of the six classes.








Table S2. Allele count recovery by route and by graph builder

	SV size class
	PGGB VCF route
	PGGB graph route
	MC VCF route
	MC graph route

	100 bp
	0.988
	0.972
	0.991
	0.977

	300 bp
	0.977
	0.998
	0.986
	0.995

	1 kb
	0.988
	1.000
	0.991
	0.995

	3 kb
	0.898
	1.000
	0.912
	0.995

	10 kb
	0.782
	0.998
	0.801
	0.995

	30 kb
	0.553
	0.986
	0.569
	0.968

	Overall
	0.8646
	0.9923
	0.8750
	0.9877

	Variants (n)
	2,592
	2,592
	1,296
	1,296


Table S2. MC denotes Minigraph-Cactus. PGGB values are from 108 replicates (54 windows at two seeds); Minigraph-Cactus values are from the 54 seed 1 panels, which were verified byte identical to the corresponding PGGB panels before each build. The VCF route is the callset after vcfwave; the graph route is allele counts computed from haplotype path traversals. Per class n is 432 for PGGB and 216 for Minigraph-Cactus.
Table S3. Recovery stratified by segmental duplication content

	SV size class
	n
	Recovery
	95 % CI
	n
	Recovery
	95 % CI

	Chromosome 20
	
	
	
	
	
	

	100 bp
	392
	0.987
	0.970–0.995
	40
	1.000
	0.912–1.000

	300 bp
	392
	0.982
	0.964–0.991
	40
	0.925
	0.801–0.974

	1 kb
	392
	0.990
	0.974–0.996
	40
	0.975
	0.871–0.996

	3 kb
	392
	0.906
	0.873–0.931
	40
	0.825
	0.680–0.913

	10 kb
	392
	0.786
	0.742–0.823
	40
	0.750
	0.598–0.858

	30 kb
	392
	0.571
	0.522–0.619
	40
	0.375
	0.242–0.530

	Chromosome 16
	
	
	
	
	
	

	100 bp
	176
	0.994
	0.969–0.999
	68
	0.956
	0.878–0.985

	300 bp
	176
	0.989
	0.960–0.997
	68
	0.926
	0.839–0.968

	1 kb
	176
	0.994
	0.969–0.999
	68
	0.897
	0.802–0.949

	3 kb
	176
	0.972
	0.935–0.988
	68
	0.853
	0.750–0.918

	10 kb
	176
	0.875
	0.818–0.916
	68
	0.691
	0.574–0.788

	30 kb
	176
	0.562
	0.489–0.634
	68
	0.485
	0.371–0.602


Table S3. Columns 2 to 4 are the low segmental duplication stratum and columns 5 to 7 the high stratum. Recovery is the permissive criterion after vcfwave. Intervals are Wilson binomial intervals and do not account for clustering within windows. Chromosome 20 spans segmental duplication content 0 to 0.253 and chromosome 16 spans 0 to 0.974, which is why the high stratum is larger on chromosome 16.







Table S4. Regression coefficients

	Model / term
	Coefficient
	SE
	z
	P
	95 % CI

	Chromosome 20, binomial GLM, naive SEs
	
	
	
	
	

	Intercept
	2.9181
	0.121
	24.07
	< 1e-100
	2.680 to 3.156

	log₁₀ size (centred)
	−2.1730
	0.129
	−16.85
	< 1e-100
	−2.426 to −1.920

	segdup (per 10 pp)
	−0.4193
	0.122
	−3.44
	0.001
	−0.659 to −0.180

	Chromosome 20, binomial GLM, cluster robust SEs by window
	
	
	
	
	

	Intercept
	2.9181
	0.126
	23.15
	< 1e-100
	2.671 to 3.165

	log₁₀ size (centred)
	−2.1730
	0.139
	−15.58
	9.6e−55
	−2.446 to −1.900

	segdup (per 10 pp)
	−0.4193
	0.063
	−6.62
	3.6e−11
	−0.544 to −0.295

	Chromosome 20, with interaction, cluster robust SEs
	
	
	
	
	

	Intercept
	2.8987
	0.134
	21.71
	< 1e-100
	2.637 to 3.160

	log₁₀ size (centred)
	−2.1462
	0.154
	−13.89
	< 1e-40
	−2.449 to −1.843

	segdup (per 10 pp)
	−0.3406
	0.140
	−2.44
	0.015
	−0.614 to −0.067

	log₁₀ size × segdup
	−0.1229
	0.206
	−0.60
	0.551
	−0.527 to 0.281

	Chromosome 16, binomial GLM, naive SEs
	
	
	
	
	

	Intercept
	3.2618
	0.181
	18.04
	< 1e-70
	2.907 to 3.616

	log₁₀ size (centred)
	−2.1830
	0.175
	−12.45
	< 1e-34
	−2.527 to −1.839

	segdup (per 10 pp)
	−0.2812
	0.042
	−6.71
	< 1e-10
	−0.363 to −0.199

	Chromosome 16, binomial GLM, cluster robust SEs by window
	
	
	
	
	

	Intercept
	3.2618
	0.228
	14.30
	< 1e-45
	2.815 to 3.709

	log₁₀ size (centred)
	−2.1830
	0.252
	−8.68
	4.1e−18
	−2.676 to −1.690

	segdup (per 10 pp)
	−0.2812
	0.061
	−4.63
	3.7e−6
	−0.400 to −0.162


Table S4. Outcome is recovery of the true allele count under the permissive criterion after vcfwave. Size is centred log₁₀ base pairs; segmental duplication content is scaled per 10 percentage points. Cluster robust models are the primary specification reported in the main text. P values given as inequalities are below the smallest value reported by the fitting software in that run. A replicate level linear mixed model with window as a random intercept was also fitted; it did not converge, returning a between window variance estimate of 0.000 on the boundary of the parameter space and a final gradient norm of 9.95, and its coefficients are not reported.











Table S5. Robustness of the segmental duplication association

Window level permutation, chromosome 20. Segmental duplication labels were shuffled across the 54 windows, preserving all within window structure, and the model refitted (2,000 permutations).
	Quantity
	Value

	Observed coefficient
	−0.4193

	Null mean
	+0.0131

	Null standard deviation
	0.1790

	Null 2.5th percentile
	−0.3037

	Null 97.5th percentile
	+0.3961

	One sided P (coefficient ≤ observed)
	5.0 × 10⁻⁴


Table S5a. Permutation test, 2,000 permutations.
	Windows removed (k)
	Max segdup remaining
	Coefficient
	SE
	z
	Windows

	0
	2.5281
	−0.4193
	0.0634
	−6.62
	54

	1
	2.1100
	−0.4610
	0.1174
	−3.93
	53

	2
	1.0899
	−0.6550
	0.3440
	−1.90
	52

	3
	0.7778
	−1.1857
	0.3370
	−3.52
	51

	4
	0.6219
	−1.0987
	0.5903
	−1.86
	50

	5
	0.3269
	−2.2242
	0.6322
	−3.52
	49


Table S5b. Serial removal of the highest segmental duplication windows. Segmental duplication content is scaled per 10 percentage points, so 2.5281 corresponds to 25.3 % of the window.
	Window removed
	segdup (per 10 pp)
	Coefficient
	Shift
	z

	chr20:25,000,000
	2.5281
	−0.4610
	−0.0417
	−3.93

	chr20:47,000,000
	0.7778
	−0.3901
	+0.0292
	−7.96

	chr20:50,000,000
	1.0899
	−0.4425
	−0.0232
	−6.39

	chr20:23,000,000
	2.1100
	−0.4419
	−0.0226
	−4.84

	chr20:6,000,000
	0.0304
	−0.4342
	−0.0148
	−6.83


Table S5c. The five windows whose removal shifts the coefficient most, from leave one window out refitting across all 54 windows. The largest shift is 0.042.












Table S6. Audit of the merge criterion

	Quantity
	Count
	Fraction

	Graph calls made across 108 replicates
	2,512
	

	Calls containing 0 true variants
	332
	0.1322

	Calls containing exactly 1 true variant
	2,128
	0.8471

	Calls containing 2 true variants
	48
	0.0191

	Calls containing 3 true variants
	4
	0.0016

	False fusion rate (calls spanning ≥ 2 true variants)
	52 / 2,512
	0.0207

	True variants overlapped by 0 calls
	20
	0.0077

	True variants overlapped by exactly 1 call
	2,570
	0.9915

	True variants overlapped by 2 calls
	2
	0.0008

	Residual split rate
	2 / 2,592
	0.0008

	True variant pairs sharing an identical carrier set
	79
	

	... and separated by ≤ 50 kb (at risk of fusion)
	63
	


Table S6. Chromosome 20, 108 replicates, 2,592 true variants. The final two rows establish that the merge criterion had genuine opportunity to fuse distinct variants: if no pair shared a carrier set within the merge window, a low fusion rate would be uninformative. The equivalent false fusion and unrepresented rates on chromosome 16 are 0.017 and 0.0082, with 26 at risk pairs; those values are reported in the Methods and were not recomputed for this file.
Representative fusions, with the true variants each merged call contains:
	Replicate
	Call span (bp)
	Call length
	AC
	True variants contained

	chr20_10000000_s1
	129,890–147,045
	17,155
	2
	SV0001 (52 bp), SV0002 (10,572 bp)

	chr20_12000000_s2
	626,331–657,337
	31,006
	9
	SV0017 (1,923 bp), SV0018 (22,335 bp)

	chr20_14000000_s1
	786,096–808,539
	22,443
	6
	SV0017 (576 bp), SV0018 (18,580 bp)

	chr20_14000000_s2
	433,122–466,335
	33,213
	7
	SV0006 (1,706 bp), SV0007 (6,000 bp)

	chr20_15000000_s1
	567,836–599,194
	31,358
	3
	SV0018 (120 bp), SV0019 (30,000 bp)

	chr20_17000000_s2
	619,317–631,333
	12,016
	5
	SV0011 (517 bp), SV0012 (6,770 bp)


Table S6b. In every case the two fused variants share an allele count, which is why carrier set identity alone does not separate them. The two residual splits are SV0021 (123 bp, AC 2) in chr20_1000000_s1 and SV0001 (87 bp, AC 6) in chr20_20000000_s2, each represented by two calls.












Table S7. HPRC chromosome 20 events with no size matching record in the released callset

	Bubble position
	Event size (bp)
	AN
	Copies
	Dispersal ratio
	Carrier deleted bp
	Non carrier deleted bp

	chr20:28,948,271
	54,601
	363
	66
	−0.137
	0
	7,492

	chr20:28,948,271
	36,778
	363
	136
	0.199
	7,492
	173

	chr20:28,948,271
	27,418
	363
	5
	0.000
	7,492
	7,492

	chr20:28,948,271
	42,205
	363
	13
	0.000
	7,500
	7,492

	chr20:28,948,271
	47,821
	363
	8
	0.000
	7,500
	7,492

	chr20:28,948,271
	26,293
	363
	4
	−0.214
	1,875
	7,492

	chr20:28,948,271
	51,563
	363
	43
	−0.145
	0
	7,492

	chr20:28,948,271
	36,419
	363
	2
	0.000
	7,500
	7,492

	chr20:28,948,271
	43,141
	363
	8
	0.000
	7,500
	7,492

	chr20:28,948,271
	49,867
	363
	2
	−0.150
	4
	7,492

	chr20:28,948,271
	49,348
	363
	4
	0.003
	7,652
	7,492

	chr20:28,948,271
	57,187
	363
	2
	−0.131
	0
	7,492

	chr20:29,122,452
	83,986
	49
	9
	0.025
	7,133
	5,031

	chr20:29,122,452
	71,425
	49
	40
	−0.001
	4,989
	5,040

	chr20:29,948,097
	102,697
	49
	20
	0.183
	18,810
	0

	chr20:29,948,097
	125,499
	49
	3
	0.013
	1,694
	0

	chr20:29,948,097
	113,113
	49
	5
	0.173
	19,548
	0

	chr20:29,948,097
	114,565
	49
	2
	0.036
	4,155
	0

	chr20:29,948,097
	142,311
	49
	2
	0.010
	1,367
	0

	chr20:29,948,097
	142,996
	49
	3
	0.014
	1,931
	0

	chr20:29,948,097
	108,666
	49
	2
	0.172
	18,648
	0

	chr20:29,948,097
	130,548
	49
	2
	0.108
	14,130
	0

	chr20:29,948,097
	182,745
	49
	2
	0.001
	165
	0

	chr20:31,064,314
	12,628
	209
	23
	0.003
	77
	40


Table S7. All 24 events classified as having no size matching record in the HPRC Release 2 wave callset. Copies is the number of haplotype copies carrying the event according to the raw bubble decomposition. Carrier and non carrier deleted bp are the median total deleted base pairs per haplotype summed across every wave record in the bubble span; the dispersal ratio is their difference divided by the event size, so a value near one would indicate that the deleted sequence is represented somewhere in the span and a value near zero that it is not. No carrier lacked a call at any record in these bubbles. All four bubbles have a markedly reduced allele number relative to the 460 to 463 seen elsewhere on the chromosome, and 23 of the 24 events fall in only three of them. At chr20:28,948,271 and chr20:31,064,314 the median non carrier carries as much deleted sequence as the median carrier, so the dispersal measure has no contrast there and the comparison is degenerate.








Table S8. Verdict distribution for HPRC chromosome 20 deletion events

	Classification
	Events
	Definition

	Recovered
	10
	a single size compatible record reproduces the carrier set

	Fragmented
	4
	several size compatible records are needed to cover the carriers

	Rescaled
	2
	no record matches the event size, but carriers show a deleted sequence excess of at least half the event size

	Partial
	1
	one size compatible record, covering only part of the carrier set

	Absent
	24
	neither a size compatible record nor a carrier excess in deleted sequence

	Total
	41
	


Table S8. The 41 deletion events resolved across 15 bubbles, from a scan that identified 24 deletion events of at least 20 kb on chromosome 20 (median 57,187 bp, range 20,335 to 1,038,174 bp; 21 top level and 3 nested). The event count exceeds the scan count because one bubble can host several distinct deletion events. The Absent category is detailed in Table S7 and is concentrated in four bubbles of reduced allele number.
Supplementary note. Worked example at chr20:25,783,205

The bubble spans 68,466 bp of GRCh38 and carries 328 alternate alleles across 461 haplotypes. Projecting each alternate traversal onto the reference traversal shows that 84 of the alleles share one pair of breakpoint nodes and a gap of 764 reference path nodes out of 1,177, identifying them as a single deletion of approximately 62 kb whose carriers differ only in small indels within the sequence they retain. Those 84 alleles carry 216 haplotype copies in total, an allele frequency of 0.469, while the largest count attached to any single one of them is 25, a frequency of 0.054.
In the released wave callset the same event is carried by four records, holding 200, 12, 3 and 1 haplotype copies. These sum to exactly 216 and no haplotype copy appears in more than one record, so the carriers are partitioned rather than duplicated or lost. The median carrier has 61,964 deleted base pairs summed across all records in the span against an event size of 61,963, giving a dispersal ratio of 1.000, and the union of the four records recovers the full carrier set. The dominant record reports an allele frequency of 0.434 against the true 0.469.
This locus is the positive control for the comparison procedure: the dispersal ratio of 1.000 and the exact partition of 216 copies confirm that the measurement recovers an event that is in fact present, which is what makes a low dispersal ratio elsewhere interpretable.
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