
Algorithm S1. Parameter estimation algorithm for CODEX.

Initialization:

�old = 1n, g = 0n⇥K , h = 0m⇥K .
Iteration:

1. For each sample j, fit a smoothing spline Y:j/Nj�old exp(g ⇥ hT
j:) ⇠ GC to get

fj(GC).

2. For each exon i, update �i as �new
i = median

⇣
[Y/Nf(GC) exp(g ⇥ hT )]i:

⌘
.

3. Denote Z = Nf(GC)�new. Apply SVD to row-centered log(Y/Z) to obtain the K
right singular vectors and use as hold.

(a) For each i, fit Poisson log-linear regression with Yi: as response, hold as covari-
ates, log(Zi:) as fixed o↵set to obtain updated estimates as {gi1, · · · , giK}.

(b) For each j, fit Poisson log-linear regression with Y:j as response, g as covariates,
log(Z:j) as fixed o↵set to obtain updated estimates as {hnew

j1 , · · · , hnew
jK }.

(c) Center each row of g ⇥ (hnew)T and apply SVD to the row-centered matrix to
obtain the K right singular vectors to update hnew.

(d) Repeat steps (a) to (c) with hold = hnew till convergence to obtain h, g.

4. Repeat steps 1 to 3 with �old = �new till convergence.



Algorithm S2. Parameter estimation algorithm for CODEX2 with negative control sam-
ples.

Let Jc be the indices of the control samples.

1. Apply CODEX to the null samples Y:Jcand GC using Supplementary Algorithm 1
to get an estimate of hJc:, g, � and fJc(GC).

2. For case sample j /2 Jc, initiate hold
j1 = · · · = hold

jK = 0.

(a) Fit a smoothing spline Y:j/Nj� exp(g ⇥ hold
j:

T
) ⇠ GC to get fj(GC).

(b) Denote Z = Nf(GC)�. Fit Poisson log-linear regression with Y:j as re-
sponse, g as covariates, log(Z:j) as fixed o↵set to obtain updated estimates
as {hnew

j1 , · · · , hnew
jK }.

(c) Repeat steps (a) to (b) with hold
j: = hnew

j: till convergence to obtain hj:, fj(GC).



Algorithm S3. Parameter estimation algorithm for CODEX2 without negative control
samples.

Let I⇤ be the indices of exons with CNVs with high population frequencies.

1. Apply CODEX to the null regions Y�I⇤:and GC�I⇤ using Supplementary Algorithm
1 to get an estimate of h, g�I⇤ , ��I⇤ and f(GC�I⇤).

2. Use the estimated non-parametric smooth spline function to estimate the GC con-
tent bias in the non-null regions f(GCI⇤) with the corresponding GCI⇤ .

3. For each i⇤ 2 I⇤, adopt an EM algorithm to estimate �i⇤ and {gi⇤1, · · · , gi⇤K}.
(a) E-step:

p1 = P
�
Yi⇤j | Nj, fj(GCi⇤), Zi⇤j = 1, µ̂i⇤

�
⇡̂i⇤ ,

p0 = P
�
Yi⇤j | Nj, fj(GCi⇤), Zi⇤j = 0, µ̂i⇤

�
(1� ⇡̂i⇤),

Ẑi⇤j = p1/(p1 + p0),

where µ̂i⇤ and ⇡̂i⇤ are from the previous M-step and P (Yi⇤j | �i⇤j) is the probabil-
ity for Poisson distribution with �i⇤j calculated based on the given parameters.

(b) M-step:

⇡̂i⇤ =
1

m

mX

j=1

Ẑi⇤j,

where Ẑi⇤j is from the previous E-step. Run Poisson log-linear regression with
Yi⇤: as response, h and Ẑi⇤: as covariates, and log(N ⇥f(GC))i⇤: as fixed o↵sets
to obtain estimates of �̂i⇤ as intercept, {ĝi⇤1, ..., ĝi⇤K} and µ̂i⇤ as coe�cients.



Figure S1. WGS CNV calls from Phase 3 release by two callers. WGS CNV calls from
Phase 3 release by two callers. Number of deletion and duplication calls are reported in the
cohort of 90 HapMap samples that we used to benchmark. There is substantial discrepancy
between the results by the two callers. These CNV calls are contaminated by false positives.

(A) (B)

Caller1 Caller2

WGS Phase 3 Duplication calls

1|0 1|1 0|1Genotype

363 225 462No. of calls

Caller1 Caller2

WGS Phase 3 Deletion calls
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Figure S2. WGS CNV calls in trio dataset by CNVnator and CODEX2. WGS CNV calls in
family trio dataset by (A) CNVnator and (B) CODEX2. CNVnator and CODEX2 return on
average 1011 and 188 CNVs per individual, respectively. Results by CODEX2 show higher
similarity between child and parents and lower similarity between non-related individuals.

(A) (B)CNVnator CODEX2

Figure S3. Performance assessment of WGS CNV calls. Performance assessment of WGS
CNV calls by CNVnator and CODEX2. CNVs that are true positives are more likely to be
shared between related individuals than between unrelated individuals. (A) Proportion of
CNVs detected in mother that are also in father. Except for common CNVs that are shared
between non-related individuals, this proportion should be low and is indicative of specificity.
(B) Proportion of CNVs detected in child that are also in either parents. This Mendelian
concordance should be high and is indicative of sensitivity. (C) Ratio of concordance between
related individuals from (A) and unrelated individuals from (B) as a joint measurement of
sensitivity and specificity.

(A) (B) (C)Concordance between father & mother Concordance between child & parents Concordance between child & parents /
Concordance between father & mother
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Figure S4. Model selection and parameter estimation in spike-in studies. Model selection
and parameter estimation in spike-in studies. (A) Number of latent factors is determined by
variance reduction and BIC based on the null read depth after quality control procedures
and is kept the same throughout the spike-in studies. (B-D) True underlying parameters
and estimated parameters by CODEX and CODEX2. CODEX biasedly estimates the exon-
specific latent factor {g1, g2, g3} for the exons, where common CNV signals are in silico
added.



Figure S5. Biased parameter estimation by CODEX with common CNV signals. Parameter
estimation by CODEX when the null data is mixed with alternatives with di↵erent frequen-
cies. Here we focus on a specific exon i⇤ and try to estimate gi⇤1 from Poisson generalized
linear model taking h1 as known from previous iteration.
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Figure S6. Assessment of precision and recall rates with di↵erent CNV lengths. Assess-
ment of precision and recall rates with di↵erent CNV lengths. CODEX2 has nearly perfect
performance compared to CODEX and SVD-based method, which su↵er from low recall and
precision rates for large and common CNV singals.



Figure S7. Relationship between CNV state and batch e↵ect. Relationship between CNV
state and batch e↵ect. (A) The null read depth from the 1000 Genomes Project after quality
control procedures show distinct batch e↵ect between two centers, where the samples were
sequenced. An example spike-in run where the CNVs are mostly added to the samples from
one center. The CNV state and the batch e↵ect are highly correlated. (B) An example of
Poisson log-linear regression to estimate the exon-specific latent factor for a specific exon in
a common CNV region. The vertical axis is Y (in this case the spike-in read depth) while the
horizontal axis is the � (estimated null read depth by CODEX and CODEX2). If there is no
CNV, these two quantities should be approximately equal along the diagonal line. CODEX’s
fitted results separate the carriers and non-carriers at two sides of the diagonal line. CODEX2
adopts the EM algorithm with the non-carriers lying along the diagonal line as expected and
the carriers below the diagonal line called as deletions. (C) Heatmap of the normalization
results in all non-null exons across all samples. CODEX su↵ers from low sensitivity for
detecting true deletions in carriers and false positives as deletions in non-carriers.
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Table S4. Performance assessment and benchmark of WES CNV calls. Performance assess-
ment and benchmark of WES CNV calls from the 1000 Genomes Project in the 90 HapMap
samples by CODEX2, CODEX, CLAMMS, XHMM, and EXCAVATOR. F-measure is de-
fined as harmonic mean of precision and recall.

Table S5. WGS family trio dataset from the 1000 Genomes Project. WGS family trio
dataset from the 1000 Genomes Project. Mendelian concordance is used as metric to assess
CNV calling quality.

Family ID Individual ID Relationship Population Bam file

PR05 HG00731 father PUR HG00731.mapped.ILLUMINA.bwa.PUR.low coverage.20130422.bam

PR05 HG00732 mother PUR HG00732.mapped.ILLUMINA.bwa.PUR.low coverage.20130422.bam

PR05 HG00733 child PUR HG00733.mapped.ILLUMINA.bwa.PUR.low coverage.20130415.bam

VN049 HG02026 father KHV HG02026.mapped.ILLUMINA.bwa.KHV.low coverage.20130415.bam

VN049 HG02025 mother KHV HG02025.mapped.ILLUMINA.bwa.KHV.low coverage.20130415.bam

VN049 HG02024 child KHV HG02024.mapped.ILLUMINA.bwa.KHV.low coverage.20130415.bam

Y117 NA19239 father YRI NA19239.mapped.ILLUMINA.bwa.YRI.low coverage.20130415.bam

Y117 NA19238 mother YRI NA19238.mapped.ILLUMINA.bwa.YRI.low coverage.20130415.bam

Y117 NA19240 child YRI NA19240.mapped.ILLUMINA.bwa.YRI.low coverage.20130415.bam



Table S7. Performance of CODEX and CODEX2 with di↵erent number of latent factors.
Performance of CODEX and CODEX2 with di↵erent number of latent factors. CODEX
and CODEX2 are applied to the melanoma targeted sequencing data set with the number
of latent factors K ranging from 0 to 10. Correlations of the profiled losses and gains (rloss
and rgain respectively) by CODEX and CODEX2 with those reported by TCGA, as well
as the number of BRAF gains and PTEN losses out of 334 tumor samples are used as
measurements. CNV profiles by CODEX2 are consistent since only the negative control
samples (16 normal samples) are used to estimate the target-specific bias and artifacts. For
CODEX, true CNV signals are attenuated with a large K resulting in less CNV events and
lower correlations.

CODEX2 CODEX

K rloss rgain BRAF gains PTEN losses rloss rgain BRAF gains PTEN losses

0 0.787 0.859 288 256 0.571 0.112 170 146

1 0.840 0.841 297 230 0.589 -0.039 163 138

2 0.837 0.839 296 228 0.580 -0.003 161 133

3 0.841 0.830 296 227 0.567 0.013 160 117

4 0.837 0.839 292 229 0.581 0.034 158 113

5 0.842 0.848 302 229 0.556 0.046 158 110

6 0.845 0.845 301 229 0.546 0.033 155 108

7 0.842 0.853 298 231 0.520 0.049 142 107

8 0.838 0.859 295 237 0.453 0.027 130 97

9 0.831 0.858 299 234 0.435 0.042 128 95

10 0.835 0.859 297 237 0.442 0.039 125 98



Table S8. Recall and precision rates from simulations with deletions of di↵erent lengths.
Recall rates (A) and precision rates (B) from simulations with deletions of di↵erent lengths
(number of exons). Confidence interval (CI) is computed using the 5th and 95th percentile
from 20 simulation runs.

(A)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.10 5 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 1.00 0.04 (0.926,1)

0.10 10 1.00 0.01 (0.989,1) 1.00 0.00 (0.989,1) 1.00 0.01 (0.989,1) 0.92 0.05 (0.793,0.955)

0.10 20 1.00 0.00 (0.994,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.95 0.04 (0.893,1)

0.10 40 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.99 0.03 (0.922,1)

0.20 5 1.00 0.05 (0.973,1) 1.00 0.00 (0.992,1) 1.00 0.00 (0.992,1) 0.92 0.08 (0.758,0.983)

0.20 10 1.00 0.00 (0.989,1) 1.00 0.00 (0.995,1) 1.00 0.00 (0.995,1) 0.86 0.05 (0.773,0.9)

0.20 20 1.00 0.00 (0.997,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.93 0.03 (0.87,0.961)

0.20 40 1.00 0.04 (0.988,1) 1.00 0.00 (0.999,1) 1.00 0.00 (1,1) 0.98 0.05 (0.903,0.997)

0.30 5 1.00 0.01 (0.977,1) 1.00 0.00 (0.995,1) 1.00 0.00 (0.995,1) 0.82 0.06 (0.725,0.907)

0.30 10 0.99 0.01 (0.976,0.997) 1.00 0.00 (0.993,1) 1.00 0.00 (0.986,1) 0.73 0.06 (0.647,0.798)

0.30 20 1.00 0.00 (0.998,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.88 0.03 (0.84,0.936)

0.30 40 1.00 0.04 (0.984,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.93 0.06 (0.812,0.977)

0.40 5 0.99 0.02 (0.946,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.61 0.07 (0.501,0.663)

0.40 10 0.96 0.02 (0.938,0.984) 1.00 0.00 (0.995,1) 1.00 0.00 (0.995,1) 0.54 0.06 (0.46,0.618)

0.40 20 1.00 0.01 (0.966,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.78 0.03 (0.717,0.796)

0.40 40 0.94 0.46 (0,0.999) 1.00 0.00 (0.999,1) 1.00 0.00 (0.998,1) 0.81 0.41 (0,0.882)

0.50 5 0.79 0.07 (0.648,0.887) 1.00 0.00 (0.997,1) 1.00 0.08 (0.846,1) 0.30 0.05 (0.231,0.38)

0.50 10 0.85 0.06 (0.71,0.91) 1.00 0.00 (0.996,1) 1.00 0.08 (0.813,1) 0.28 0.04 (0.236,0.343)

0.50 20 0.90 0.06 (0.842,0.983) 1.00 0.00 (0.998,1) 1.00 0.00 (1,1) 0.64 0.04 (0.578,0.686)

0.50 40 0.90 0.28 (0.036,0.989) 1.00 0.00 (0.999,1) 1.00 0.04 (0.906,1) 0.74 0.23 (0.009,0.781)

0.60 5 1.00 0.00 (0.991,1) 1.00 0.00 (0.997,1) 1.00 0.00 (1,1) 0.57 0.07 (0.468,0.676)

0.60 10 0.98 0.04 (0.878,0.99) 1.00 0.00 (0.991,1) 0.99 0.01 (0.959,0.995) 0.54 0.05 (0.496,0.611)

0.60 20 1.00 0.02 (0.951,1) 1.00 0.00 (0.999,1) 1.00 0.01 (0.981,1) 0.73 0.04 (0.691,0.814)

0.60 40 0.00 0.19 (0,0.09) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.00 0.14 (0,0.069)

0.70 5 1.00 0.01 (0.988,1) 1.00 0.00 (0.995,1) 1.00 0.00 (0.995,1) 0.81 0.05 (0.745,0.879)

0.70 10 0.99 0.01 (0.973,0.993) 1.00 0.00 (0.993,1) 0.99 0.01 (0.98,0.997) 0.74 0.04 (0.656,0.781)

0.70 20 1.00 0.00 (0.993,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.998,1) 0.87 0.03 (0.817,0.914)

0.70 40 0.04 0.48 (0,0.999) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.03 0.45 (0,0.959)

0.80 5 1.00 0.00 (0.992,1) 1.00 0.00 (0.994,1) 1.00 0.00 (1,1) 0.91 0.06 (0.776,0.976)

0.80 10 0.99 0.01 (0.985,1) 1.00 0.00 (0.992,1) 0.99 0.01 (0.98,1) 0.80 0.05 (0.737,0.894)

0.80 20 1.00 0.01 (0.992,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.997,1) 0.92 0.04 (0.831,0.963)

0.80 40 1.00 0.01 (0.994,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.97 0.03 (0.919,0.996)

0.90 5 1.00 0.00 (1,1) 1.00 0.00 (0.993,1) 1.00 0.00 (0.999,1) 0.97 0.04 (0.887,1)

0.90 10 1.00 0.01 (0.98,1) 1.00 0.00 (0.991,1) 1.00 0.01 (0.988,1) 0.89 0.04 (0.814,0.921)

0.90 20 1.00 0.00 (0.995,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.995,1) 0.99 0.03 (0.935,1)

0.90 40 1.00 0.00 (1,1) 1.00 0.00 (0.998,1) 1.00 0.00 (1,1) 0.99 0.01 (0.969,1)



(B)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.10 5 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.10 10 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.10 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.10 40 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.998,1)

0.20 5 1.00 0.02 (0.997,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.997,1)

0.20 10 1.00 0.01 (0.997,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.02 (0.997,1)

0.20 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.20 40 1.00 0.03 (0.96,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.02 (0.996,1)

0.30 5 1.00 0.01 (0.998,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.997,1)

0.30 10 1.00 0.01 (0.998,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.964,1)

0.30 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.30 40 1.00 0.02 (0.941,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.02 (0.956,1)

0.40 5 1.00 0.02 (0.946,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.99 0.04 (0.898,1)

0.40 10 1.00 0.01 (0.97,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.98 0.02 (0.935,1)

0.40 20 0.98 0.02 (0.927,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.03 (0.926,1)

0.40 40 0.92 0.23 (0.332,0.993) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.95 0.31 (0.15,1)

0.50 5 0.62 0.06 (0.531,0.713) 1.00 0.00 (1,1) 1.00 0.09 (0.787,1) 0.56 0.07 (0.513,0.73)

0.50 10 0.63 0.04 (0.57,0.679) 1.00 0.00 (1,1) 1.00 0.08 (0.901,1) 0.57 0.05 (0.502,0.645)

0.50 20 0.55 0.03 (0.534,0.588) 1.00 0.00 (1,1) 1.00 0.00 (0.996,1) 0.51 0.02 (0.503,0.556)

0.50 40 0.55 0.09 (0.44,0.666) 1.00 0.00 (1,1) 1.00 0.09 (0.805,1) 0.54 0.09 (0.485,0.602)

0.60 5 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.03 (0.945,1)

0.60 10 1.00 0.02 (0.96,1) 1.00 0.00 (1,1) 1.00 0.01 (0.989,1) 0.94 0.05 (0.842,1)

0.60 20 0.97 0.05 (0.882,0.995) 1.00 0.00 (1,1) 1.00 0.01 (0.988,1) 0.91 0.06 (0.799,0.979)

0.60 40 0.08 0.24 (0,0.551) 1.00 0.00 (1,1) 1.00 0.00 (0.999,1) 1.00 0.18 (0.572,1)

0.70 5 1.00 0.01 (0.998,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.02 (0.958,1)

0.70 10 1.00 0.00 (0.999,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.974,1)

0.70 20 0.99 0.02 (0.971,1) 1.00 0.00 (1,1) 1.00 0.00 (0.996,1) 0.98 0.04 (0.905,1)

0.70 40 0.49 0.39 (0,0.995) 1.00 0.00 (1,1) 1.00 0.01 (0.994,1) 0.98 0.16 (0.732,1)

0.80 5 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.997,1)

0.80 10 1.00 0.01 (0.998,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.80 20 1.00 0.04 (0.902,1) 1.00 0.00 (1,1) 1.00 0.00 (0.992,1) 0.99 0.03 (0.924,1)

0.80 40 0.99 0.09 (0.767,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.02 (0.963,1)

0.90 5 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.90 10 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.90 20 1.00 0.02 (0.976,1) 1.00 0.00 (1,1) 1.00 0.00 (0.99,1) 0.99 0.01 (0.978,1)

0.90 40 1.00 0.06 (0.89,1) 1.00 0.00 (1,1) 1.00 0.00 (0.995,1) 1.00 0.01 (0.985,1)



Table S9. Recall and precision rates from simulations with copy number gains. Recall rates
(A) and precision rates (B) from simulations with copy number gains. Confidence interval
(CI) is computed using the 5th and 95th percentile from 20 simulation runs.

(A)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.10 20 0.99 0.01 (0.986,1) 0.99 0.00 (0.988,1) 0.99 0.00 (0.988,1) 0.94 0.05 (0.827,0.988)

0.20 20 0.99 0.03 (0.962,0.997) 1.00 0.00 (0.989,1) 0.99 0.00 (0.989,1) 0.87 0.03 (0.834,0.937)

0.30 20 0.97 0.02 (0.92,0.987) 1.00 0.00 (0.993,0.998) 1.00 0.01 (0.976,0.998) 0.80 0.05 (0.723,0.873)

0.40 20 0.92 0.04 (0.853,0.956) 1.00 0.00 (0.993,0.999) 1.00 0.01 (0.985,0.997) 0.72 0.05 (0.641,0.787)

0.50 20 0.44 0.07 (0.31,0.52) 1.00 0.00 (0.984,0.998) 0.90 0.09 (0.735,0.989) 0.24 0.10 (0.137,0.405)

0.60 20 0.17 0.04 (0.124,0.227) 1.00 0.00 (0.988,0.997) 0.76 0.08 (0.626,0.877) 0.63 0.08 (0.458,0.685)

0.70 20 0.50 0.07 (0.398,0.586) 1.00 0.00 (0.988,0.997) 0.91 0.08 (0.789,0.959) 0.85 0.03 (0.811,0.892)

0.80 20 0.72 0.08 (0.615,0.829) 0.99 0.00 (0.986,0.998) 0.93 0.07 (0.8,0.974) 0.91 0.06 (0.775,0.966)

0.90 20 0.88 0.05 (0.788,0.928) 0.99 0.01 (0.978,0.998) 0.93 0.05 (0.829,0.989) 0.98 0.03 (0.92,0.995)

(B)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.10 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.20 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.30 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.40 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.50 20 1.00 0.01 (0.982,1) 1.00 0.00 (1,1) 0.98 0.05 (0.862,1) 1.00 0.06 (0.911,1)

0.60 20 0.81 0.08 (0.647,0.881) 1.00 0.00 (1,1) 0.90 0.08 (0.758,0.99) 1.00 0.02 (0.957,1)

0.70 20 0.99 0.01 (0.969,1) 1.00 0.00 (1,1) 0.99 0.07 (0.845,1) 1.00 0.00 (0.998,1)

0.80 20 1.00 0.01 (0.986,1) 1.00 0.00 (1,1) 1.00 0.07 (0.786,1) 1.00 0.00 (0.997,1)

0.90 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.03 (0.938,1) 1.00 0.00 (0.995,1)



Table S10. Recall and precision rates for CNV detection in heterogeneous samples. Recall
rates (A) and precision rates (B) from simulations with deletions in heterogeneous samples.
Purity, p, refers to the proportion of cells having the deletion in a heterogeneous sample.
For copy number loss, we spike in signals corresponding to copy number p⇥ c+ (1� p)⇥ 2,
where c is sampled from a Gaussian distribution with mean 1. Confidence interval (CI) is
computed using the 5th and 95th percentile from 20 simulation runs.

(A)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

purity CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.90 0.10 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.98 0.04 (0.874,0.994)

0.90 0.20 20 1.00 0.00 (0.997,1) 1.00 0.00 (1,1) 1.00 0.00 (0.997,1) 0.90 0.03 (0.837,0.927)

0.90 0.40 20 1.00 0.00 (0.997,1) 1.00 0.00 (0.999,1) 1.00 0.00 (0.999,1) 0.71 0.03 (0.663,0.744)

0.70 0.10 20 1.00 0.01 (0.988,1) 1.00 0.01 (0.988,1) 1.00 0.01 (0.988,1) 0.82 0.08 (0.722,0.936)

0.70 0.20 20 1.00 0.00 (0.992,1) 1.00 0.00 (0.994,1) 1.00 0.00 (0.994,1) 0.75 0.06 (0.608,0.785)

0.70 0.40 20 0.99 0.01 (0.98,0.999) 1.00 0.00 (0.997,1) 1.00 0.00 (0.993,1) 0.46 0.03 (0.429,0.522)

0.50 0.10 20 0.99 0.02 (0.946,1) 0.99 0.01 (0.969,1) 0.99 0.01 (0.97,1) 0.52 0.09 (0.45,0.698)

0.50 0.20 20 0.99 0.01 (0.961,0.994) 1.00 0.01 (0.972,1) 0.99 0.01 (0.964,0.997) 0.40 0.04 (0.327,0.454)

0.50 0.40 20 0.93 0.05 (0.807,0.962) 0.99 0.01 (0.962,0.996) 0.95 0.06 (0.814,0.981) 0.17 0.03 (0.132,0.213)

0.30 0.10 20 0.74 0.12 (0.589,0.971) 0.85 0.10 (0.704,0.989) 0.82 0.12 (0.618,0.982) 0.14 0.04 (0.077,0.19)

0.30 0.20 20 0.62 0.11 (0.479,0.793) 0.88 0.07 (0.695,0.919) 0.68 0.09 (0.546,0.819) 0.08 0.03 (0.041,0.129)

0.30 0.40 20 0.29 0.06 (0.219,0.402) 0.88 0.04 (0.804,0.928) 0.38 0.05 (0.311,0.486) 0.03 0.01 (0.016,0.042)

0.10 0.10 20 0.00 0.00 (0,0) 0.00 0.00 (0,0) 0.00 0.03 (0,0.079) 0.00 0.00 (0,0)

0.10 0.20 20 0.00 0.00 (0,0) 0.00 0.03 (0,0.061) 0.00 0.01 (0,0.036) 0.00 0.00 (0,0)

0.10 0.40 20 0.00 0.00 (0,0) 0.01 0.02 (0,0.058) 0.00 0.00 (0,0) 0.00 0.00 (0,0)

(B)

CODEX.CBS CODEX2ns.CBS CODEX2nr.CBS SVD.HMM

purity CNVfreq CNVlength median sd CI median sd CI median sd CI median sd CI

0.90 0.10 20 1.00 0.04 (0.991,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.984,1)

0.90 0.20 20 1.00 0.02 (0.995,1) 1.00 0.01 (0.997,1) 1.00 0.00 (1,1) 0.92 0.02 (0.868,0.938)

0.90 0.40 20 0.62 0.05 (0.558,0.7) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 0.62 0.04 (0.544,0.647)

0.70 0.10 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.01 (0.984,1)

0.70 0.20 20 1.00 0.02 (0.953,1) 1.00 0.01 (0.997,1) 1.00 0.00 (1,1) 0.98 0.01 (0.961,0.996)

0.70 0.40 20 0.74 0.05 (0.662,0.823) 1.00 0.00 (1,1) 0.92 0.03 (0.874,0.958) 0.70 0.03 (0.665,0.755)

0.50 0.10 20 1.00 0.05 (0.885,1) 1.00 0.00 (1,1) 1.00 0.03 (0.994,1) 1.00 0.01 (0.978,1)

0.50 0.20 20 1.00 0.02 (0.944,1) 1.00 0.00 (1,1) 1.00 0.02 (0.953,1) 1.00 0.02 (0.982,1)

0.50 0.40 20 0.88 0.04 (0.823,0.92) 1.00 0.01 (0.999,1) 0.91 0.03 (0.875,0.956) 0.75 0.04 (0.705,0.798)

0.30 0.10 20 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.30 0.20 20 1.00 0.00 (1,1) 1.00 0.01 (0.997,1) 1.00 0.00 (1,1) 1.00 0.00 (1,1)

0.30 0.40 20 0.93 0.06 (0.815,1) 1.00 0.00 (1,1) 0.94 0.03 (0.926,1) 0.95 0.05 (0.854,1)

0.10 0.10 20 (NA,NA) (NA,NA) 1.00 0.00 (1,1) (NA,NA)

0.10 0.20 20 (NA,NA) 1.00 0.00 (1,1) 1.00 0.00 (1,1) (NA,NA)

0.10 0.40 20 (NA,NA) 1.00 0.00 (1,1) (NA,NA) (NA,NA)



Table S11. Processing time and memory usage of CODEX2 for 1000 Genome Project Data.
Processing time and memory usage of CODEX2 for 1000 Genome Project Data. Di↵erent
number of exons are randomly selected from the 1000 Genomes Project WES data. CODEX2
is ran in the negative control region mode on a high-performance cluster. Time unit is minute
(min); memory usage unit is Megabyte (Mb). Results are averaged from 5 runs.

# of exons proc time memory usage

2000 23.57 7.00

4000 39.61 11.51

6000 67.28 16.01

8000 76.73 20.50

10000 109.51 24.98


