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Adaptive Information

Adaptive Information: y1, y2, · · · ∈ Y are selected sequentially and yi can
depend on previously gathered information, i.e., y1(x), . . . , yi−1(x)

Goal: Estimate an unknown object x ∈ X from scalar samples

Non-Adaptive Information: y1, y2, · · · ∈ Y non-adaptively
chosen (deterministically or randomly) independent of x

Does adaptivity help?

Information: samples of the form y1(x), . . . , yn(x),
the values of certain functionals of x



X : models/hypotheses
under consideration

Y: possible measurements/experiments

y1(x), y2(x), . . . : information/data

    model
    space

     data 
collection

data

Feedback from Data Analysis to Data Collection



The Scientific Process in a Laboratory

experiments

data
scientist



The Scientific Process at Large

Lab A

Lab B

Lab C ...



Wired Magazine, April 2009: 

For the first time, a robotic system has made a novel 
scientific discovery with virtually no human intellectual 
input.

Scientists designed "Adam" to carry out the entire 
scientific process on its own: formulating hypotheses, 
designing and running experiments, analyzing data, and 
deciding which experiments to run next. "It’s a major 
advance," says David Waltz of the Center for 
Computational Learning Systems at Columbia University. 
"Science is being done here in a way that incorporates 
artificial intelligence. It’s automating a part of the 
scientific process that hasn’t been automated in the 
past."

Adam is the first automated system to complete the 
cycle from hypothesis, to experiment, to reformulated 
hypothesis without human intervention.

www.aber.ac.uk/compsci/Research/bio/robotsci/ 



Adaptive vs. Non-Adaptive:  Three Situations

Equal and Good: 
adaptive and non-adaptive 

equally informative and require 
about the bare minimum of 

measurements 

Equal and Bad: 
adaptive and non-adaptive 

equally (non)-informative and 
require many more 

measurements then the 
bare minimum 

Good and Bad: 
adaptive requires bare 
minimum number of 

measurments, non-adaptive 
requires many more

The “bare minimum” number of measurements depends on intrinsic complexity
of X . In practice, the minimum number depends on jointly on X and Y.



The Bare Minimum

Assume X is equipped with metric d and is compact.

X

Xε

Let Xε ⊂ X be a finite subset of size Nε having the property
that any element of X is within distance ε of an element in Xε

Ex. suppose X = [0, 1]d. we can take a uniform grid of points
spaced ε apart as our cover. Then Nε = (1

ε )d and log Nε = d log(1/ε).

Metric Entropy: Need at least log Nε bits of
information to approximately determine any x ∈ X



requires log2 N queries

requires O(N) queries

X =
{

subsets [0, 1
N ], [0, 2

N ], . . . , [0, 1]
}

Y = “membership queries”
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Does Adaptivity Help ?

identify a sparse signal x ∈ Rn from a
minimal number of measurements

O(n) measurements (random or adaptive) are needed to recover x

Point measurments: y = 〈x , δk〉 = xk

O(log n) measurements (random or adaptive) are needed to recover x

Compressed Sensing: y = 〈x , φ〉 where φ ∈ {−1, 1}n

Adaptivity doesn’t help



Does Adaptivity Help ?

identify a threshold signal x ∈ Rn from
a minimal number of measurements

O(n) random measurements are needed to recover x

O(log n) adaptive measurements are needed to recover x (binary search)

Point measurments: y = 〈x , δk〉 = xk

Adaptivity may help, depending on
nature of signal and measurements

Compressed Sensing: y = 〈x , φ〉 where φ ∈ {−1, 1}n

O(log n) random measurements are needed to recover x



Adaptive Information: y1, y2, · · · ∈ Y are selected sequentially and yi

can depend on previously gathered information, i.e., y1(x), . . . , yi−1(x)

computationally prohibitive in all but very low-dimensional, simple problems

Dynamic Programming: K > 0 measurement/experiment steps

min
bx , y1,...,yK

max
x∈X

d(x , x̂(y1, . . . , yK))

Optimizing Information Collection

Goal: Estimate an unknown object x ∈ X from scalar samples

Information: samples of the form y1(x), . . . , yn(x),
the values of certain functionals of x



initialize: n = 0, X0 = X
while |Xn| > 1

2) Perform yn to obtain information yn(x∗)

1) Select yn = arg miny∈Y |
∑

x∈Xn
y(x)|

3) Set Xn+1 = {x ∈ Xn : yn(x) = yn(x∗)}, n = n + 1

Splitting Algorithm

Ex. Binary Information: for each x ∈ X and y ∈ Y,

y(x) =






+1 , if x predicts a positive outcome on y

−1 , if x predicts a negative outcome on y

optimal procedure is a search tree; construction is NP-complete (Hyafil & Rivest ’76)

Splitting Algorithm is near-optimal (average depth is within log |X | factor of optimal)

depth of optimal tree depends on nature of X and Y

Greedy Strategies



X
hypothesis
    space

“Does the person 
have blue eyes ?”

“Is the person 
wearing a hat ?”

splitting algorithm is quite effective if responses are reliable



Laplace

Discovery !

Decided to make new astronomical 
measurements when “the discrepancy between 
prediction and observation [was] large enough 
to give a high probability that there is something 
new to be found.”  Jaynes (1986)

 selective 
sensing

observe 
/ infer



3) yn+1(x∗) + Bayes rule: pn(x)→ pn+1(x)

2) Perform yn+1 to obtain information yn+1(x∗)

output: arg maxx pk(k)

Probabilistic Splitting Algorithm

initialize: p0(x) = uniform

for n = 0, 1, . . . , k − 1

1) Select yn+1 to maximize Ey

[∫
pn(x|y) log pn(x|y)

pn(x) dx
]

Probabilistic Splitting Algorithm

“Information-Gain”
(Shannon ’48, Lindley ’56)

x

p0(x)

x∗

p1(x)

xx∗

pk(x)

xx∗

. . .



Update ‘posterior’ density
based on noise bound α

-

+

-
α

sequentially take samples at
median of posterior density

Ex. Noisy Binary Search (Burnashev & Zigangirov ’74)



+ noise

y A x + w

y = A x + w , with A ∈ Rm×n, x ∈ Rn (but sparse), w ∼ N (0, I)

Sparsity and High-Dimensional Models

Re: quick urgent favor  

1 of 2 1/30/11 6:44 PM

Subject: Re: quick urgent favor
From: JP Slavinsky <jps@rice.edu>
Date: Sun, 30 Jan 2011 13:51:00 -0600
To: Robert Nowak <nowak@ece.wisc.edu>
CC: Richard Baraniuk <richb@rice.edu>, Rob Nowak <nowak@eceserv0.ece.wisc.edu>

Here you go.  If you want a shirt image, just copy them from the cafe press link below

On Jan 30, 2011, at 11:33 AM, Robert Nowak wrote:

hi guys,

thanks again for the shirt.  i can't wait to wear it.  in the meantime i thought i might 

make an advert for the shirt

in a talk i have to give tomorrow afternoon.  could one of you send me the original jpg or 

other image that appears

on the shirt?



y = Ax + w

where A ∈ Rm×n, x ∈ Rn (but sparse), w ∼ N (0, I)

experimental design question: choice of A

y1 = A1x + w1

y2 = A2x + w2

...
yk = Akx + wk

How to chose A1, . . . , Ak to maximize probability of correctly identifying x?

Signal Processing Gear back to shop

Front Back Additional

Views

View Larger

From the Designer

A visual representation of the math behind compressive

sensing

Look cool without breaking the bank. Our durable,

high-quality, pre-shrunk 100% cotton t-shirt is what to

wear when you want to go comfortably casual. Preshrunk,

durable and guaranteed.

5.6 oz. 100% cotton

Standard fit

ADD TO CART

Share |

y = phi x (Dark T-Shirt)

$18.99

Color: (Charcoal)1.

Size: Large Size Chart2.

Qty: 13.

AVAILABILITY: In Stock.

Product Number: 030-469487567

Other items by Signal Processing Gear:

Find more unique one-of-a-kind products at CafePress.com:

compressive sensing t-shirts | dsp t-shirts | linear algebra t-shirts | math t-shirts

International Sites: Australia Canada United Kingdom United States & Worldwide

All Content Copyright © 1999-2010 CafePress.com | Tags | Products | Site Map

All rights reserved. Use of this web site constitutes acceptance of the Terms of Service.

Privacy Policy | Intellectual Property Policy | Content Disclaimer

Sign In | Your Account | Help | Currency: | CartSearch CafePress Search USD

Fit: Standard

Not too tight, not

too loose.

Fabric Thickness:

Like Sign Up to see what your friends like.

y = phi x (Mug) y = phi x (Large Mug) y = phi x (Light T-Shirt)

Shop CafePress

y = phi x (Dark T-Shirt) > Signal Processing Gear http://www.cafepress.com/sigproc.469487567

1 of 1 1/30/11 1:05 PM



y = Ax + w

experimental design: how to design A ?

Constraints:

• sample budget: A is m× n with m ≤ k < n

• precision budget: ‖A‖2F ≤ Constant

y1 = A1x + w1

y2 = A2x + w2

...
yk = Akx + wk

Sequential Design: how to chose A1, . . . , Ak to max prob of identifying x?

Experimental Design



virus

fruit fly

approximately 100 significant 
genes/protiens discovered by 
Ahlquist and Kawaoka Labs 
at UW-Madison

genomic RNA-containing viral ribonucleoprotein complexes
(vRNPs), vRNP import into the nucleus, mRNA synthesis from the
negative-strand viral RNA genome, mRNA export to the cytoplasm
and translation.

For high-throughput, functional genomics analysis of influenza
virus replication in Drosophila cells, we engineered Flu-VSV-G-
R.Luc (FVG-R), in which VSV-G and Renilla luciferase genes
replaced the viral HA and NA open reading frames (Fig. 1b). FVG-
R virions were then used with an RNAi library (Ambion) against
13,071 Drosophila genes (,90% of all genes) to identify host genes
affecting influenza-virus-directed Renilla luciferase expression
(Fig. 1c). Two independent tests of the entire library were performed
(Supplementary Table 1). For 176 genes for which dsRNAs inhibited
FVG-R-directed luciferase expression in both replicates, repeated
secondary tests using alternate dsRNAs to control for possible off-
target effects confirmed the effects of 110 genes (Supplementary
Tables 2 and 3). This confirmation rate is comparable to that in a
Drosophila screen with a natural Drosophila-infecting virus5.
Cell viability testing identified six genes with potentially significant

cytotoxic effects; these were excluded from further consideration
(Supplementary Information and Supplementary Table 3).
Secondary tests of candidate genes for which dsRNAs increased
FVG-R-directed luciferase expression produced a much lower con-
firmation rate, suggesting a higher rate of off-target or other false-
positive effects in this class (Supplementary Information and
Supplementary Table 4).

Among the over 100 candidate genes found to be important for
influenza virus replication inDrosophila cells, we selected the human
homologues of several encoding components in host pathways/
machineries that are known to be involved in the life cycle of influ-
enza virus, for example,ATP6V0D1 (endocytosis pathway),COX6A1
(mitochondrial function) and NXF1 (mRNA nuclear export
machinery), for further analysis in mammalian cells to assess the
relevance of our Drosophila results13–17. ATP6V0D1 encodes subunit
D of vacuolar (H1)-ATPase (V-ATPase), a proton pump that func-
tions in the endocytosis pathway (that is, the acidification and fusion
of intracellular compartments18).COX6A1 encodes a subunit of cyto-
chrome c oxidase (COX), an enzyme of the mitochondrial electron
transport chain that catalyses electron transfer from cytochrome c to
oxygen19.NXF1 encodes a nuclear export factor critical for exporting
most cellular mRNAs containing exon–exon junctions20,21.

As a first test for the possible contribution of these gene products
to influenza virus replication in mammalian cells, we treated human
HEK 293 cells twice at 24-h intervals with short interfering RNAs
(siRNAs; siGENOME, Dharmacon) against the human homologue
of each selectedDrosophilia gene. Twenty-four hours after the second
siRNA treatment, the cells were infected with FVG-R virus and, two
days later, Renilla luciferase activity was measured to assess viral
replication and gene expression. siRNA against ATP6V0D1 or
COX6A1 markedly decreased Renilla luciferase activity (Fig. 2a),
but not cell viability (Supplementary Fig. 5a), suggesting that these
genes have important roles in influenza virus replication in mam-
malian cells, as in Drosophila cells. Inhibition was not caused by off-
target effects because, for each gene, each of four distinct siRNAs
inhibited FVG-R-directed expression of Renilla luciferase
(Supplementary Table 6). Because COX6A1 encodes a subunit of
mitochondrial electron transport chain complex IV, COX, we used
specific inhibitors to test whether in HEK293 cells influenza virus
also required other complexes in this chain (Fig. 2c). Inhibitors of
complexes III, IV and V selectively inhibited FVG-R-directed Renilla
luciferase expression by 50- to 100-fold, whereas complex I and II
inhibitors had little or no effect. Thus, in mammalian cells, influenza
virus depends on multiple late stages but not early stages in the
mitochondrial electron transport chain.

Treatment for four days with siRNA against NXF1 decreased
mammalian cell viability (data not shown), as predicted by the criti-
cal role of NXF1 in general host cell metabolism. Accordingly, the
total incubation timewith siRNA againstNXF1was shortened to 36 h
by transfecting cells with the siRNA twice at a 12-h interval, infecting
with FVG-R virus 12 h later, and assaying forRenilla luciferase at 12-h
post-infection. Under these conditions, cell viability was not detect-
ably affected (Supplementary Fig. 5b) whereas Renilla luciferase
activity was reduced by nearly fivefold (Fig. 2b). Whereas recent
results indicated that influenza virus protein NS1 binds to NXF1 to
inhibit host mRNA export17, these results imply that influenza virus
RNAs and/or proteins are transported by an NXF1-dependent path-
way (see also Supplementary Information).

To test the effects of these genes on authentic influenza viruses, we
infected siRNA-treatedHEK293 cells withWSN virus orH5N1 influ-
enza A/Indonesia/7/05 (Indonesia 7; isolated from a patient) or with
VSVor vaccinia virus as controls. Progeny viruses were collected from
the medium at 24 h (Indonesia 7, VSV or vaccinia virus) or 48 h
(WSN) post-infection and were titrated. Depleting ATP6V0D1 and
COX6A1 did not affect VSV or vaccinia virus replication, but
decreased theWSN and Indonesia 7 virus yields by,10-fold or more
(Fig. 3a). Thus, ATP6V0D1 and COX6A1 are required for replication
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Figure 1 | Overview of genome-wide RNAi screen to identify host factors
involved in influenza virus replication in Drosophila cells. a, b, Schematic
diagrams showing recombinant influenza viruses. Shown are FVG-G, in
which genes encoding the HA and NA proteins were replaced with the VSV-
G and eGFP genes, respectively (a), and FVG-R, in which the genes encoding
the HA and NA were replaced with the VSV-G and Renilla luciferase genes,
respectively (b). c, Schematic diagram of the systematic analysis of host
genes affecting influenza virus replication and gene expression inDrosophila
cells. Experimental details are given in Methods.
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13,071 single-gene 
knock-down cell strains

genomic RNA-containing viral ribonucleoprotein complexes
(vRNPs), vRNP import into the nucleus, mRNA synthesis from the
negative-strand viral RNA genome, mRNA export to the cytoplasm
and translation.

For high-throughput, functional genomics analysis of influenza
virus replication in Drosophila cells, we engineered Flu-VSV-G-
R.Luc (FVG-R), in which VSV-G and Renilla luciferase genes
replaced the viral HA and NA open reading frames (Fig. 1b). FVG-
R virions were then used with an RNAi library (Ambion) against
13,071 Drosophila genes (,90% of all genes) to identify host genes
affecting influenza-virus-directed Renilla luciferase expression
(Fig. 1c). Two independent tests of the entire library were performed
(Supplementary Table 1). For 176 genes for which dsRNAs inhibited
FVG-R-directed luciferase expression in both replicates, repeated
secondary tests using alternate dsRNAs to control for possible off-
target effects confirmed the effects of 110 genes (Supplementary
Tables 2 and 3). This confirmation rate is comparable to that in a
Drosophila screen with a natural Drosophila-infecting virus5.
Cell viability testing identified six genes with potentially significant

cytotoxic effects; these were excluded from further consideration
(Supplementary Information and Supplementary Table 3).
Secondary tests of candidate genes for which dsRNAs increased
FVG-R-directed luciferase expression produced a much lower con-
firmation rate, suggesting a higher rate of off-target or other false-
positive effects in this class (Supplementary Information and
Supplementary Table 4).

Among the over 100 candidate genes found to be important for
influenza virus replication inDrosophila cells, we selected the human
homologues of several encoding components in host pathways/
machineries that are known to be involved in the life cycle of influ-
enza virus, for example,ATP6V0D1 (endocytosis pathway),COX6A1
(mitochondrial function) and NXF1 (mRNA nuclear export
machinery), for further analysis in mammalian cells to assess the
relevance of our Drosophila results13–17. ATP6V0D1 encodes subunit
D of vacuolar (H1)-ATPase (V-ATPase), a proton pump that func-
tions in the endocytosis pathway (that is, the acidification and fusion
of intracellular compartments18).COX6A1 encodes a subunit of cyto-
chrome c oxidase (COX), an enzyme of the mitochondrial electron
transport chain that catalyses electron transfer from cytochrome c to
oxygen19.NXF1 encodes a nuclear export factor critical for exporting
most cellular mRNAs containing exon–exon junctions20,21.

As a first test for the possible contribution of these gene products
to influenza virus replication in mammalian cells, we treated human
HEK 293 cells twice at 24-h intervals with short interfering RNAs
(siRNAs; siGENOME, Dharmacon) against the human homologue
of each selectedDrosophilia gene. Twenty-four hours after the second
siRNA treatment, the cells were infected with FVG-R virus and, two
days later, Renilla luciferase activity was measured to assess viral
replication and gene expression. siRNA against ATP6V0D1 or
COX6A1 markedly decreased Renilla luciferase activity (Fig. 2a),
but not cell viability (Supplementary Fig. 5a), suggesting that these
genes have important roles in influenza virus replication in mam-
malian cells, as in Drosophila cells. Inhibition was not caused by off-
target effects because, for each gene, each of four distinct siRNAs
inhibited FVG-R-directed expression of Renilla luciferase
(Supplementary Table 6). Because COX6A1 encodes a subunit of
mitochondrial electron transport chain complex IV, COX, we used
specific inhibitors to test whether in HEK293 cells influenza virus
also required other complexes in this chain (Fig. 2c). Inhibitors of
complexes III, IV and V selectively inhibited FVG-R-directed Renilla
luciferase expression by 50- to 100-fold, whereas complex I and II
inhibitors had little or no effect. Thus, in mammalian cells, influenza
virus depends on multiple late stages but not early stages in the
mitochondrial electron transport chain.

Treatment for four days with siRNA against NXF1 decreased
mammalian cell viability (data not shown), as predicted by the criti-
cal role of NXF1 in general host cell metabolism. Accordingly, the
total incubation timewith siRNA againstNXF1was shortened to 36 h
by transfecting cells with the siRNA twice at a 12-h interval, infecting
with FVG-R virus 12 h later, and assaying forRenilla luciferase at 12-h
post-infection. Under these conditions, cell viability was not detect-
ably affected (Supplementary Fig. 5b) whereas Renilla luciferase
activity was reduced by nearly fivefold (Fig. 2b). Whereas recent
results indicated that influenza virus protein NS1 binds to NXF1 to
inhibit host mRNA export17, these results imply that influenza virus
RNAs and/or proteins are transported by an NXF1-dependent path-
way (see also Supplementary Information).

To test the effects of these genes on authentic influenza viruses, we
infected siRNA-treatedHEK293 cells withWSN virus orH5N1 influ-
enza A/Indonesia/7/05 (Indonesia 7; isolated from a patient) or with
VSVor vaccinia virus as controls. Progeny viruses were collected from
the medium at 24 h (Indonesia 7, VSV or vaccinia virus) or 48 h
(WSN) post-infection and were titrated. Depleting ATP6V0D1 and
COX6A1 did not affect VSV or vaccinia virus replication, but
decreased theWSN and Indonesia 7 virus yields by,10-fold or more
(Fig. 3a). Thus, ATP6V0D1 and COX6A1 are required for replication
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Figure 1 | Overview of genome-wide RNAi screen to identify host factors
involved in influenza virus replication in Drosophila cells. a, b, Schematic
diagrams showing recombinant influenza viruses. Shown are FVG-G, in
which genes encoding the HA and NA proteins were replaced with the VSV-
G and eGFP genes, respectively (a), and FVG-R, in which the genes encoding
the HA and NA were replaced with the VSV-G and Renilla luciferase genes,
respectively (b). c, Schematic diagram of the systematic analysis of host
genes affecting influenza virus replication and gene expression inDrosophila
cells. Experimental details are given in Methods.
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genomic RNA-containing viral ribonucleoprotein complexes
(vRNPs), vRNP import into the nucleus, mRNA synthesis from the
negative-strand viral RNA genome, mRNA export to the cytoplasm
and translation.

For high-throughput, functional genomics analysis of influenza
virus replication in Drosophila cells, we engineered Flu-VSV-G-
R.Luc (FVG-R), in which VSV-G and Renilla luciferase genes
replaced the viral HA and NA open reading frames (Fig. 1b). FVG-
R virions were then used with an RNAi library (Ambion) against
13,071 Drosophila genes (,90% of all genes) to identify host genes
affecting influenza-virus-directed Renilla luciferase expression
(Fig. 1c). Two independent tests of the entire library were performed
(Supplementary Table 1). For 176 genes for which dsRNAs inhibited
FVG-R-directed luciferase expression in both replicates, repeated
secondary tests using alternate dsRNAs to control for possible off-
target effects confirmed the effects of 110 genes (Supplementary
Tables 2 and 3). This confirmation rate is comparable to that in a
Drosophila screen with a natural Drosophila-infecting virus5.
Cell viability testing identified six genes with potentially significant

cytotoxic effects; these were excluded from further consideration
(Supplementary Information and Supplementary Table 3).
Secondary tests of candidate genes for which dsRNAs increased
FVG-R-directed luciferase expression produced a much lower con-
firmation rate, suggesting a higher rate of off-target or other false-
positive effects in this class (Supplementary Information and
Supplementary Table 4).

Among the over 100 candidate genes found to be important for
influenza virus replication inDrosophila cells, we selected the human
homologues of several encoding components in host pathways/
machineries that are known to be involved in the life cycle of influ-
enza virus, for example,ATP6V0D1 (endocytosis pathway),COX6A1
(mitochondrial function) and NXF1 (mRNA nuclear export
machinery), for further analysis in mammalian cells to assess the
relevance of our Drosophila results13–17. ATP6V0D1 encodes subunit
D of vacuolar (H1)-ATPase (V-ATPase), a proton pump that func-
tions in the endocytosis pathway (that is, the acidification and fusion
of intracellular compartments18).COX6A1 encodes a subunit of cyto-
chrome c oxidase (COX), an enzyme of the mitochondrial electron
transport chain that catalyses electron transfer from cytochrome c to
oxygen19.NXF1 encodes a nuclear export factor critical for exporting
most cellular mRNAs containing exon–exon junctions20,21.

As a first test for the possible contribution of these gene products
to influenza virus replication in mammalian cells, we treated human
HEK 293 cells twice at 24-h intervals with short interfering RNAs
(siRNAs; siGENOME, Dharmacon) against the human homologue
of each selectedDrosophilia gene. Twenty-four hours after the second
siRNA treatment, the cells were infected with FVG-R virus and, two
days later, Renilla luciferase activity was measured to assess viral
replication and gene expression. siRNA against ATP6V0D1 or
COX6A1 markedly decreased Renilla luciferase activity (Fig. 2a),
but not cell viability (Supplementary Fig. 5a), suggesting that these
genes have important roles in influenza virus replication in mam-
malian cells, as in Drosophila cells. Inhibition was not caused by off-
target effects because, for each gene, each of four distinct siRNAs
inhibited FVG-R-directed expression of Renilla luciferase
(Supplementary Table 6). Because COX6A1 encodes a subunit of
mitochondrial electron transport chain complex IV, COX, we used
specific inhibitors to test whether in HEK293 cells influenza virus
also required other complexes in this chain (Fig. 2c). Inhibitors of
complexes III, IV and V selectively inhibited FVG-R-directed Renilla
luciferase expression by 50- to 100-fold, whereas complex I and II
inhibitors had little or no effect. Thus, in mammalian cells, influenza
virus depends on multiple late stages but not early stages in the
mitochondrial electron transport chain.

Treatment for four days with siRNA against NXF1 decreased
mammalian cell viability (data not shown), as predicted by the criti-
cal role of NXF1 in general host cell metabolism. Accordingly, the
total incubation timewith siRNA againstNXF1was shortened to 36 h
by transfecting cells with the siRNA twice at a 12-h interval, infecting
with FVG-R virus 12 h later, and assaying forRenilla luciferase at 12-h
post-infection. Under these conditions, cell viability was not detect-
ably affected (Supplementary Fig. 5b) whereas Renilla luciferase
activity was reduced by nearly fivefold (Fig. 2b). Whereas recent
results indicated that influenza virus protein NS1 binds to NXF1 to
inhibit host mRNA export17, these results imply that influenza virus
RNAs and/or proteins are transported by an NXF1-dependent path-
way (see also Supplementary Information).

To test the effects of these genes on authentic influenza viruses, we
infected siRNA-treatedHEK293 cells withWSN virus orH5N1 influ-
enza A/Indonesia/7/05 (Indonesia 7; isolated from a patient) or with
VSVor vaccinia virus as controls. Progeny viruses were collected from
the medium at 24 h (Indonesia 7, VSV or vaccinia virus) or 48 h
(WSN) post-infection and were titrated. Depleting ATP6V0D1 and
COX6A1 did not affect VSV or vaccinia virus replication, but
decreased theWSN and Indonesia 7 virus yields by,10-fold or more
(Fig. 3a). Thus, ATP6V0D1 and COX6A1 are required for replication
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Figure 1 | Overview of genome-wide RNAi screen to identify host factors
involved in influenza virus replication in Drosophila cells. a, b, Schematic
diagrams showing recombinant influenza viruses. Shown are FVG-G, in
which genes encoding the HA and NA proteins were replaced with the VSV-
G and eGFP genes, respectively (a), and FVG-R, in which the genes encoding
the HA and NA were replaced with the VSV-G and Renilla luciferase genes,
respectively (b). c, Schematic diagram of the systematic analysis of host
genes affecting influenza virus replication and gene expression inDrosophila
cells. Experimental details are given in Methods.
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infect each strain 
with fluorescing virus

microwell arrayApplication: Inferring Biological Pathways



Sequential Experimental Design:

Stage 1: assay all 13K strains, twice; keep all with significant
fluorescence in one or both assays for 2nd stage (13K → 1K)

Stage 2: assay remaining 1K strains, 6-12 times; retain only
those with statistically significant fluorescence (1K → 100)

Challenge: High-Dimensionality and Low SNR

How do they confidently determine the ~100 out of 13K genes 
hijacked for virus replication from extremely noisy data?

vastly more efficient that replicating all 13K experiments many times

LETTERS

Drosophila RNAi screen identifies host genes
important for influenza virus replication
Linhui Hao1,2*, Akira Sakurai3*{, Tokiko Watanabe3, Ericka Sorensen1, Chairul A. Nidom5,6, Michael A. Newton4,
Paul Ahlquist1,2 & Yoshihiro Kawaoka3,7,8,9

All viruses rely on host cell proteins and their associated mecha-
nisms to complete the viral life cycle. Identifying the host mole-
cules that participate in each step of virus replication could pro-
vide valuable new targets for antiviral therapy, but this goal may
take several decades to achieve with conventional forward genetic
screeningmethods andmammalian cell cultures. Herewe describe
a novel genome-wide RNA interference (RNAi) screen in
Drosophila1 that can be used to identify host genes important
for influenza virus replication. After modifying influenza virus
to allow infection of Drosophila cells and detection of influenza
virus gene expression, we tested an RNAi library against 13,071
genes (90% of the Drosophila genome), identifying over 100 for
which suppression in Drosophila cells significantly inhibited or
stimulated reporter gene (Renilla luciferase) expression from an
influenza-virus-derived vector. The relevance of these findings to
influenza virus infection of mammalian cells is illustrated for a
subset of the Drosophila genes identified; that is, for three impli-
cated Drosophila genes, the corresponding human homologues
ATP6V0D1, COX6A1 and NXF1 are shown to have key functions
in the replication of H5N1 and H1N1 influenza A viruses, but not
vesicular stomatitis virus or vaccinia virus, in human HEK 293
cells. Thus, we have demonstrated the feasibility of using
genome-wide RNAi screens in Drosophila to identify previously
unrecognized host proteins that are required for influenza virus
replication. This could accelerate the development of new classes
of antiviral drugs for chemoprophylaxis and treatment, which are
urgently needed given the obstacles to rapid development of an
effective vaccine against pandemic influenza and the probable
emergence of strains resistant to available drugs.

Influenza, a highly contagious disease of birds and mammals, is
caused by negative-strand RNA viruses of the family Orthomyxo-
viridae. Influenza outbreaks kill millions of people worldwide during
pandemic years and hundreds of thousands during other years. Since
their first lethal infection of humans in 1997, H5N1 influenza A
viruses have spread throughout Asia and to Europe and Africa, pos-
ing a major risk for a new influenza pandemic2. To provide rational
bases for improved treatment and control of influenza virus infec-
tion, we sought to advance understanding of viral infection mecha-
nisms by elucidating previously unknown virus–host cell
interactions. Many steps in the viral life cycle, including intracellular
trafficking, gene expression, replication and virion assembly, depend
on interactions with specific host cell gene products. Although most
such host molecules remain elusive, emerging results indicate that

their identification and characterization can provide new insights
into the mechanisms by which viruses complete their life cycle, and
hence illuminate potentially valuable targets for prophylactic and
therapeutic intervention3–5.

Systematic, genome-wide RNAi analysis offers an exciting tool to
identify host genes that function in viral replication. Such analysis is
facilitated by well-developed model systems such as Drosophila, the
genome of which contains only ,14,000 genes, nearly all of which
can be specifically targeted for high efficiency messenger RNA deple-
tion by double-stranded RNA (dsRNA) libraries1. Because of its
powerful genetics and conservation with vertebrates, Drosophila
has been used to make numerous critical contributions to mam-
malian cell biology6–9. Thus, in principle, Drosophila RNAi studies
could accelerate identification of host interactions essential for influ-
enza virus replication.

Because Drosophila D-Mel2 cells do not express the human influ-
enza virus receptor a2,6-linked sialic acid (Supplementary Fig. 1), we
predicted that wild-type human influenza virus would not be able to
infect them. Indeed, we did not detect viral protein expression by
immunofluorescence assays in Drosophila D-Mel2 cells inoculated
with influenza virus A/WSN/33 (WSN; H1N1) (data not shown).
To bypass this block to wild-type influenza virus entry, we generated
a genetically modified virus, Flu-VSV-G-GFP (FVG-G), in Madin-
Darby canine kidney (MDCK) cells by replacing the receptor-bind-
ing haemagglutinin (HA) and neuraminidase (NA) genes with genes
encoding vesicular stomatitis virus glycoprotein G (VSV-G) and
enhanced green fluorescence protein (eGFP), respectively10,11

(Fig. 1a). Because the envelopes of the resulting virions bear
VSV-G, whichmediates entry intomammalian,Drosophila and other
cells12, FVG-G virions should readily infect Drosophila cells. Twenty-
four hours after infection, GFP fluorescence was detected in FVG-G-
infected Drosophila D-Mel2 cells (Supplementary Fig. 2). We also
confirmed by real-time polymerase chain reaction (PCR) that influ-
enza virus RNA replication occurred in Drosophila cells
(Supplementary Fig. 3). However, Drosophila cells infected with
FVG-G did not release detectable virions into themedium, as assayed
by infectivity tests on MDCK cells and by electron microscopy (data
not shown). This was due, at least in part, to failure ofDrosophila cells
to express some viral proteins required for virion assembly and infec-
tivity (Supplementary Fig. 4). Thus, Drosophila cells can support
influenza virus replication from post-entry to at least the protein
expression phase of the viral life cycle. This span encompasses mul-
tiple other steps in the life cycle, including cytoplasmic release of

1Institute for Molecular Virology, 2Howard Hughes Medical Institute, 3Department of Pathobiological Sciences, and 4Departments of Statistics and of Biostatistics and Medical
Informatics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA. 5Faculty of Veterinary Medicine, and 6Collaborating Research Center-Emerging & Reemerging
Infectious Diseases, Tropical Disease Centre, Airlangga University, Surabaya 60115, Indonesia. 7Division of Virology, Department ofMicrobiology and Immunology, and 8International
Research Center for Infectious Diseases, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan. 9Division of Zoonosis, Department of Microbiology and Infectious
Diseases, Graduate School ofMedicine, KobeUniversity, Kobe 650-0017, Japan. {Present address: First Department of Forensic Science, National Research Institute of Police Science,
6-3-1 Kashiwanoha, Kashiwa 277-0882, Japan.
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All viruses rely on host cell proteins and their associated mecha-
nisms to complete the viral life cycle. Identifying the host mole-
cules that participate in each step of virus replication could pro-
vide valuable new targets for antiviral therapy, but this goal may
take several decades to achieve with conventional forward genetic
screeningmethods andmammalian cell cultures. Herewe describe
a novel genome-wide RNA interference (RNAi) screen in
Drosophila1 that can be used to identify host genes important
for influenza virus replication. After modifying influenza virus
to allow infection of Drosophila cells and detection of influenza
virus gene expression, we tested an RNAi library against 13,071
genes (90% of the Drosophila genome), identifying over 100 for
which suppression in Drosophila cells significantly inhibited or
stimulated reporter gene (Renilla luciferase) expression from an
influenza-virus-derived vector. The relevance of these findings to
influenza virus infection of mammalian cells is illustrated for a
subset of the Drosophila genes identified; that is, for three impli-
cated Drosophila genes, the corresponding human homologues
ATP6V0D1, COX6A1 and NXF1 are shown to have key functions
in the replication of H5N1 and H1N1 influenza A viruses, but not
vesicular stomatitis virus or vaccinia virus, in human HEK 293
cells. Thus, we have demonstrated the feasibility of using
genome-wide RNAi screens in Drosophila to identify previously
unrecognized host proteins that are required for influenza virus
replication. This could accelerate the development of new classes
of antiviral drugs for chemoprophylaxis and treatment, which are
urgently needed given the obstacles to rapid development of an
effective vaccine against pandemic influenza and the probable
emergence of strains resistant to available drugs.

Influenza, a highly contagious disease of birds and mammals, is
caused by negative-strand RNA viruses of the family Orthomyxo-
viridae. Influenza outbreaks kill millions of people worldwide during
pandemic years and hundreds of thousands during other years. Since
their first lethal infection of humans in 1997, H5N1 influenza A
viruses have spread throughout Asia and to Europe and Africa, pos-
ing a major risk for a new influenza pandemic2. To provide rational
bases for improved treatment and control of influenza virus infec-
tion, we sought to advance understanding of viral infection mecha-
nisms by elucidating previously unknown virus–host cell
interactions. Many steps in the viral life cycle, including intracellular
trafficking, gene expression, replication and virion assembly, depend
on interactions with specific host cell gene products. Although most
such host molecules remain elusive, emerging results indicate that

their identification and characterization can provide new insights
into the mechanisms by which viruses complete their life cycle, and
hence illuminate potentially valuable targets for prophylactic and
therapeutic intervention3–5.

Systematic, genome-wide RNAi analysis offers an exciting tool to
identify host genes that function in viral replication. Such analysis is
facilitated by well-developed model systems such as Drosophila, the
genome of which contains only ,14,000 genes, nearly all of which
can be specifically targeted for high efficiency messenger RNA deple-
tion by double-stranded RNA (dsRNA) libraries1. Because of its
powerful genetics and conservation with vertebrates, Drosophila
has been used to make numerous critical contributions to mam-
malian cell biology6–9. Thus, in principle, Drosophila RNAi studies
could accelerate identification of host interactions essential for influ-
enza virus replication.

Because Drosophila D-Mel2 cells do not express the human influ-
enza virus receptor a2,6-linked sialic acid (Supplementary Fig. 1), we
predicted that wild-type human influenza virus would not be able to
infect them. Indeed, we did not detect viral protein expression by
immunofluorescence assays in Drosophila D-Mel2 cells inoculated
with influenza virus A/WSN/33 (WSN; H1N1) (data not shown).
To bypass this block to wild-type influenza virus entry, we generated
a genetically modified virus, Flu-VSV-G-GFP (FVG-G), in Madin-
Darby canine kidney (MDCK) cells by replacing the receptor-bind-
ing haemagglutinin (HA) and neuraminidase (NA) genes with genes
encoding vesicular stomatitis virus glycoprotein G (VSV-G) and
enhanced green fluorescence protein (eGFP), respectively10,11

(Fig. 1a). Because the envelopes of the resulting virions bear
VSV-G, whichmediates entry intomammalian,Drosophila and other
cells12, FVG-G virions should readily infect Drosophila cells. Twenty-
four hours after infection, GFP fluorescence was detected in FVG-G-
infected Drosophila D-Mel2 cells (Supplementary Fig. 2). We also
confirmed by real-time polymerase chain reaction (PCR) that influ-
enza virus RNA replication occurred in Drosophila cells
(Supplementary Fig. 3). However, Drosophila cells infected with
FVG-G did not release detectable virions into themedium, as assayed
by infectivity tests on MDCK cells and by electron microscopy (data
not shown). This was due, at least in part, to failure ofDrosophila cells
to express some viral proteins required for virion assembly and infec-
tivity (Supplementary Fig. 4). Thus, Drosophila cells can support
influenza virus replication from post-entry to at least the protein
expression phase of the viral life cycle. This span encompasses mul-
tiple other steps in the life cycle, including cytoplasmic release of
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Assume sublinear sparsity level: |S| ! n

Sparse Signal Model

Let x = (x1, . . . , xn) ∈ Rn be an unknown sparse vector;
most (or all) of its components xi are equal to zero.

µ −

xi =
{

µ > 0 , i ∈ S
0 , i "∈ S , where |S|# n

signal support set

number of signal
components

deterministic 
but unknown



yi = xi + zi , i = 1, . . . , n

x

Suppose we want to locate just one signal component: î = arg maxi yi

It is impossible to reliably detect signal components weaker than O(
√

log n)

Even if no signal is present, maxi yi ∼
√

2 log n

Noisy Observation Model

zi
iid∼ N (0, 1)

y



Our goal is to estimate the set of non-zero components: S := {i : xi != 0}

Definition 1 A threshold test is an estimator of the form:

Ŝτ (y) := {i ∈ {1, . . . , n} : yi ≥ τ > 0}

Bonferroni Correction: To keep the error level small (e.g., less than 5%)
the threshold must be on the order of

√
log n.

Threshold Tests

τ

x

y



Is there really a problem ?
Wired Science
News for Your Neurons

Previous post

Next post

Scanning Dead Salmon in fMRI Machine

Highlights Risk of Red Herrings

By Alexis Madrigal  September 18, 2009  |  5:37 pm  |  Categories: Brains and Behavior

Neuroscientist Craig Bennett purchased a whole Atlantic salmon, took it to a lab at Dartmouth, and put

it into an fMRI machine used to study the brain. The beautiful fish was to be the lab’s test object as they

worked out some new methods.

So, as the fish sat in the scanner, they showed it “a series of photographs depicting human individuals in

social situations.” To maintain the rigor of the protocol (and perhaps because it was hilarious), the

salmon, just like a human test subject, “was asked to determine what emotion the individual in the

photo must have been experiencing.”

The salmon, as Bennett’s poster on the test dryly notes, “was not alive at the time of scanning.”

Scanning Dead Salmon in fMRI Machine Highlights Risk of R... http://www.wired.com/wiredscience/2009/09/fmrisalmon/
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Instead of the usual non-adaptive observation model

yi = xi + zi , i = 1, . . . , n

Total precision budget is constrained, but the choice
of γi,j can depend on past observations {yi,!}!<j.

suppose we are able to sequentially collect several independent
measurements of each component of x, according to

yi,j = xi + γ−1/2
i,j zi,j , i = 1, . . . , n, j = 1, . . . , k

where

j indexes the measurement steps

k denotes the total number of steps

zi,j
iid∼ N (0, 1)

γi,j≥ 0 controls the precision of each measurement

An Alternative: Sequential Experimental Design



Precision parameters control the SNR per component.

SNR is increased/decreased by
— more/fewer repeated samples or

— longer/shorter observation times

The precision parameters {γi,j} are required to satisfy

k∑

j=1

n∑

i=1

γi,j ≤ n

For example, the usual non-adaptive, single measurement model corresponds
to taking k = 1, and γi,1 = 1, i = 1, . . . , n. This baseline can be compared with
adaptive procedures by allowing k > 1 and variable {γi,j} satisfying budget.

sequential measurement model

yi,j = xi + γ−1/2
i,j zi,j , i = 1, . . . , n, j = 1, . . . , k

Experimental (Precision) Budget



Fruit Fly Example

How to find genes involved in virus replication ?

Sequential Design Idea

Budget: k assays, n tests/assay

Assay 1: measure fluorescence of all n genes; discard n/2 genes with 
weakest fluorescence.

Assay 2: measure fluorescence for remaining n/2 genes, each tested 
twice (double SNR); discard n/4 genes with weakest fluorescence.

Assay 3: measure fluorescence for remaining n/4 genes, each tested  
four times (quadruple SNR); discard n/8 genes with weakest fluorescence.

continue “distilling”.... 

virus fruit fly

genomic RNA-containing viral ribonucleoprotein complexes
(vRNPs), vRNP import into the nucleus, mRNA synthesis from the
negative-strand viral RNA genome, mRNA export to the cytoplasm
and translation.

For high-throughput, functional genomics analysis of influenza
virus replication in Drosophila cells, we engineered Flu-VSV-G-
R.Luc (FVG-R), in which VSV-G and Renilla luciferase genes
replaced the viral HA and NA open reading frames (Fig. 1b). FVG-
R virions were then used with an RNAi library (Ambion) against
13,071 Drosophila genes (,90% of all genes) to identify host genes
affecting influenza-virus-directed Renilla luciferase expression
(Fig. 1c). Two independent tests of the entire library were performed
(Supplementary Table 1). For 176 genes for which dsRNAs inhibited
FVG-R-directed luciferase expression in both replicates, repeated
secondary tests using alternate dsRNAs to control for possible off-
target effects confirmed the effects of 110 genes (Supplementary
Tables 2 and 3). This confirmation rate is comparable to that in a
Drosophila screen with a natural Drosophila-infecting virus5.
Cell viability testing identified six genes with potentially significant

cytotoxic effects; these were excluded from further consideration
(Supplementary Information and Supplementary Table 3).
Secondary tests of candidate genes for which dsRNAs increased
FVG-R-directed luciferase expression produced a much lower con-
firmation rate, suggesting a higher rate of off-target or other false-
positive effects in this class (Supplementary Information and
Supplementary Table 4).

Among the over 100 candidate genes found to be important for
influenza virus replication inDrosophila cells, we selected the human
homologues of several encoding components in host pathways/
machineries that are known to be involved in the life cycle of influ-
enza virus, for example,ATP6V0D1 (endocytosis pathway),COX6A1
(mitochondrial function) and NXF1 (mRNA nuclear export
machinery), for further analysis in mammalian cells to assess the
relevance of our Drosophila results13–17. ATP6V0D1 encodes subunit
D of vacuolar (H1)-ATPase (V-ATPase), a proton pump that func-
tions in the endocytosis pathway (that is, the acidification and fusion
of intracellular compartments18).COX6A1 encodes a subunit of cyto-
chrome c oxidase (COX), an enzyme of the mitochondrial electron
transport chain that catalyses electron transfer from cytochrome c to
oxygen19.NXF1 encodes a nuclear export factor critical for exporting
most cellular mRNAs containing exon–exon junctions20,21.

As a first test for the possible contribution of these gene products
to influenza virus replication in mammalian cells, we treated human
HEK 293 cells twice at 24-h intervals with short interfering RNAs
(siRNAs; siGENOME, Dharmacon) against the human homologue
of each selectedDrosophilia gene. Twenty-four hours after the second
siRNA treatment, the cells were infected with FVG-R virus and, two
days later, Renilla luciferase activity was measured to assess viral
replication and gene expression. siRNA against ATP6V0D1 or
COX6A1 markedly decreased Renilla luciferase activity (Fig. 2a),
but not cell viability (Supplementary Fig. 5a), suggesting that these
genes have important roles in influenza virus replication in mam-
malian cells, as in Drosophila cells. Inhibition was not caused by off-
target effects because, for each gene, each of four distinct siRNAs
inhibited FVG-R-directed expression of Renilla luciferase
(Supplementary Table 6). Because COX6A1 encodes a subunit of
mitochondrial electron transport chain complex IV, COX, we used
specific inhibitors to test whether in HEK293 cells influenza virus
also required other complexes in this chain (Fig. 2c). Inhibitors of
complexes III, IV and V selectively inhibited FVG-R-directed Renilla
luciferase expression by 50- to 100-fold, whereas complex I and II
inhibitors had little or no effect. Thus, in mammalian cells, influenza
virus depends on multiple late stages but not early stages in the
mitochondrial electron transport chain.

Treatment for four days with siRNA against NXF1 decreased
mammalian cell viability (data not shown), as predicted by the criti-
cal role of NXF1 in general host cell metabolism. Accordingly, the
total incubation timewith siRNA againstNXF1was shortened to 36 h
by transfecting cells with the siRNA twice at a 12-h interval, infecting
with FVG-R virus 12 h later, and assaying forRenilla luciferase at 12-h
post-infection. Under these conditions, cell viability was not detect-
ably affected (Supplementary Fig. 5b) whereas Renilla luciferase
activity was reduced by nearly fivefold (Fig. 2b). Whereas recent
results indicated that influenza virus protein NS1 binds to NXF1 to
inhibit host mRNA export17, these results imply that influenza virus
RNAs and/or proteins are transported by an NXF1-dependent path-
way (see also Supplementary Information).

To test the effects of these genes on authentic influenza viruses, we
infected siRNA-treatedHEK293 cells withWSN virus orH5N1 influ-
enza A/Indonesia/7/05 (Indonesia 7; isolated from a patient) or with
VSVor vaccinia virus as controls. Progeny viruses were collected from
the medium at 24 h (Indonesia 7, VSV or vaccinia virus) or 48 h
(WSN) post-infection and were titrated. Depleting ATP6V0D1 and
COX6A1 did not affect VSV or vaccinia virus replication, but
decreased theWSN and Indonesia 7 virus yields by,10-fold or more
(Fig. 3a). Thus, ATP6V0D1 and COX6A1 are required for replication

Incorporation signal of HA segment

Incorporation signal of NA segment

Incorporation signal of HA segment

Incorporation signal of NA segment

HA
NA

VSV-G

GFP

VSV-G

Luciferase

Add dsRNA of the Drosophila RNAi library
(targeting to 13,071 Drosophila genes) to
each well of 384-well microplates

Add DL1 cells to the plates

Infect with FVG-R virus

Measure Renilla luciferase activity
to assess the efficiency of virus
replication

0 h

48 h

72 h
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NA
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c

Figure 1 | Overview of genome-wide RNAi screen to identify host factors
involved in influenza virus replication in Drosophila cells. a, b, Schematic
diagrams showing recombinant influenza viruses. Shown are FVG-G, in
which genes encoding the HA and NA proteins were replaced with the VSV-
G and eGFP genes, respectively (a), and FVG-R, in which the genes encoding
the HA and NA were replaced with the VSV-G and Renilla luciferase genes,
respectively (b). c, Schematic diagram of the systematic analysis of host
genes affecting influenza virus replication and gene expression inDrosophila
cells. Experimental details are given in Methods.
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Take k = 3 steps and split precision
budget uniformly (n/3 per step)

Idealized Example



Simple Distilled Sensing

initialize: S0 = {1, . . . , n}, γ−1
i,j = 2 + ε, ε > 0

for j = 1, . . . , k

1) measure: yi,j ∼ N (xi, 2 + ε) , i ∈ Sj−1

2) threshold: Sj = {i : yi,j ≥ 0}
end

output: Sk = {i : yi,k > 0}

probability of error: P(Sk != S) = P ({Sc ∩ Sk != ∅} ∪ {S ∩ Sc
k != ∅})

≤ P (Sc ∩ Sk != ∅) + P (S ∩ Sc
k != ∅)

Distilled Sensing

=
1

2 + ε

k∑

j=1

E|Sj−1|

≤ 1
2 + ε

k∑

j=1

(
n− |S|
2j−1

+ |S|
)

≤ 2(n− |S|)
2 + ε

+ k|S| ≤ n

(for n large)

total precision budget: E
[∑

i,j γi,j

]



False Positives

P(Sk != S) ≤ P (Sc ∩ Sk != ∅) + P (S ∩ Sc
k != ∅)

P (Sc ∩ Sk "= ∅) = P




⋃

i !∈S

k⋂

j=1

yi,j > 0





≤
∑

i !∈S
P




k⋂

j=1

yi,j > 0





=
∑

i !∈S
2−k =

n− s

2k



P (S ∩ Sc
k "= ∅) = P




k⋃

j=1

⋃

i∈S
yi,j < 0





≤ k|S|
2

exp
(
− µ2

2(2 + ε)

)

P(Sk != S) ≤ P (Sc ∩ Sk != ∅) + P (S ∩ Sc
k != ∅)

False Negatives



↘
0

P(Sk != S) ≤ P (Sc ∩ Sk != ∅) + P (S ∩ Sc
k != ∅)

≤ n− s

2k
+

k|S|
2

exp
(
− µ2

2(2 + ε)

)

=
n− s

2k
+

1
2

exp
(
− (µ2 − 2(2 + ε) log(k|S|))

2(2 + ε)

)

Consider high-dimensional limit as n→∞ and take k = log2 n1+ε

P(Sk != S) ≤ n− s

2k
+

1
2

exp
(
− (µ2 − 2(2 + ε) log(|S|(1 + ε) log2 n))

2(2 + ε)

)

Second term tends to zero if

µ ≥
√

2(2 + ε) log(|S|(1 + ε) log2 n)

Probability of Error Bound



non-adaptive threshold:
µ ≥

√
2 log n

Punchline: In ultra-sparse setting, say |S| = C log n, DS drives error to zero
if µ ≥

p
(8 + ε) log log n, compared to the non-adaptive requirement µ ≥

√
2 log n.

We get a gain whenever |S| ! n1/2

Gains of Sequential Design

DS threshold:

µ ≥
√

2(2 + ε) log(|S|(1 + ε) log2 n)

≈
√

4 log |S|



DISTILLED SENSING 25

Fig 2. NDR vs. SNR comparison. The non-discovery rate is the average NDP over 1000
independent trials at each SNR (SNR = µ2) and with threshold set to achieve FDR = 0.05
(FDR is the average FDP). The solid curve depicts the NDR of non-adaptive sensing and
the dashed curve depicts the NDR of the DS procedure. At the bottom of the figure, the
dash-dot and dot-dot curves show the FDR for non-adapative sensing and DS, respectively
(at approximately 5% for both).

APPENDIX A: AUXILIARY MATERIAL

A.1. Limiting Fractions of Retained Signal Components.

Lemma A.1. Let 0 ≤ f(n) ≤ 1/2 and g(n) ≥ 0 be any sequences in n
such that limn→∞ f(n)g(n) = 0. Then

lim
n→∞

(1 + f(n))g(n) = lim
n→∞

(1− f(n))g(n) = 1 .

Proof. To establish that limn→∞(1 + f(n))g(n) = 1 note that

1 ≤ (1 + f(n))g(n) = exp (g(n) log(1 + f(n))) ≤ exp (g(n)f(n)) ,

where the last inequality follows from log(1 + x) ≤ x for all x ≥ 0. As
g(n)f(n)→ 0 we conclude that limn→∞(1 + f(n))g(n) = 1.

non-discovery 
rate of DS

non-discovery rate of 
non-adaptive sensing

5% false discovery 
rate for both methods

Example

gain ≈ log(16384) ≈ 10

n = 214, ‖x‖0 =
√

n = 128



Conclusions

Sequential Experimental Designs for High-Dimensional Models
thresholds for recovery in high-dimensional limit:

non-adaptive designs SNR ∼ log n

sequential designs SNR ∼ arbitrarily slowly growing function of n

Distilled Sensing: Adaptive Sampling for Sparse Detection and Estimation
J. Haupt, R. Castro, and RN,  arXiv:1001.5311v2

Geometry of Sequential Inference

The Geometry of Generalized Binary Search, RN, arXiv:0910.4397

number of membership queries required to learn a set to ε accuracy:

non-adaptive # queries ∼ 1/ε

adaptive # queries ∼ log(1/ε)


