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Physical	
  design:	
  current	
  prac.ce	
  

*Source:	
  Philip	
  Brisk,	
  UCR	
  

§  918	
  valve	
  chip	
  	
  
§  Design	
  and	
  physical	
  layout	
  

approximately	
  1	
  year	
  of	
  
postdoc	
  7me*	
  [Fidalgo	
  and	
  
Maerkl,	
  Lab-­‐on-­‐a-­‐chip,	
  2010]	
  

§  Current	
  prac7ce	
  
§  Tedious,	
  7me-­‐consuming	
  and	
  error-­‐prone	
  
§  Required	
  designer	
  exper7se	
  

§  Understanding	
  of	
  applica7on	
  requirements	
  
§  Knowledge	
  and	
  skills	
  of	
  chip	
  design	
  and	
  fabrica7on	
  

§  CAD	
  tools	
  in	
  their	
  infancy	
  
§  Most	
  groups	
  use	
  AutoCAD	
  or	
  Adobe	
  Illustrator	
  
§  Every	
  line	
  drawn	
  by	
  hand	
  
§  No	
  automa7on	
  

New	
  top-­‐down	
  design	
  and	
  synthesis	
  	
  
methodologies	
  are	
  needed	
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Physical	
  design:	
  VLSI	
  vs	
  mVLSI	
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Components	
  

Microfluidic	
  switch	
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Components	
  

http://groups.csail.mit.edu/cag/biostream	
  

10x real-time	
  

Microfluidic	
  mixer	
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Component	
  model	
  

Microfluidic	
  mixer	
  

Ip1 

Five	
  phases:	
  
1.  Ip1	
  
2.  Ip2	
  
3.  Mix	
  (0.5	
  s)	
  
4.  Op1	
  
5.  Op2	
  

Flow	
  layer	
  model:	
   Opera7onal	
  phases	
  +	
  Execu7on	
  7me	
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Component	
  model	
  

open 
closed 

Waste Input Waste Input 

Waste Input Waste Input 

Ip2 Mix 

Op1 Op2 
mixing state 

Control	
  layer	
  model	
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Biochip	
  architecture	
  model	
  

Topology	
  graph	
  based	
  model	
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Flow	
  paths	
  in	
  the	
  architecture	
  

§  Fluid	
  transport	
  latencies	
  are	
  comparable	
  to	
  opera7on	
  
execu7on	
  7mes,	
  so	
  handling	
  fluid	
  transport	
  (communica7on)	
  
is	
  important	
  

§  Rou.ng	
  constraints:	
  A	
  flow	
  path	
  is	
  reserved	
  un7l	
  comple7on	
  
of	
  the	
  opera7on,	
  resul7ng	
  in	
  rou7ng	
  constraints	
  

F1 

F2 
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Problem	
  formula.on	
  
§  Given	
  

§  A	
  biochemical	
  applica7on	
  (and	
  a	
  fault	
  model) 
§  Characterized	
  component	
  model	
  library	
  	
  

(including	
  fault-­‐tolerant	
  components) 

§  Synthesize	
  
§  A	
  biochip	
  architecture	
  
§  Deciding	
  on:	
  

§  Component	
  alloca.on	
  
§  Schema7c	
  design	
  and	
  (and	
  a	
  fault-­‐tolerant)	
  netlist	
  genera7on	
  
§  Physical	
  synthesis	
  

§  Placement	
  of	
  components	
  	
  
§  Rou.ng	
  of	
  microfluidic	
  channels	
  

§  Such	
  that	
  	
  
§  the	
  applica7on	
  comple7on	
  7me	
  is	
  minimized	
  
§  Sa7sfying	
  the	
  fault-­‐tolerance,	
  dependency	
  and	
  resource	
  constraints	
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Biochemical	
  applica.on	
  modeling	
  
§ High-­‐Level	
  Languages	
  (HLLs)	
  for	
  describing	
  biological	
  protocols	
  

§  Biochemists	
  describe	
  protocol	
  in	
  natural	
  language	
  
§  Two	
  languages	
  proposed:	
  Aqua	
  and	
  BioCoder/BioStream	
  

FluidSample+f1+=+measure_and_add(f0,++
+lysis_buffer,+100*uL);+

FluidSample+f2+=+mix(f1,+INVERT,+4,+6);+
Gme_constraint(f1,+2*MINUTES,+next_step);+

Original(protocol!

BioStream(code(

Add+100+ul+of+7X+Lysis+Buffer+(Blue)+and+mix+by++
inverGng+the+tube+4T6+Gmes.++
Proceed!to!step!3!within!2!minutes.!

assays to be written. For example, an assay may repeat
several fluidic operations until a combination of values

from several sensors satisfy a certain equation.

After the assay ‘‘program’’ is written by the scientist, it is

compiled to produce intermediate, assembly-like code. A
glucose-level detection assay written in the HLL and the

compiler-generated AIS assembly code are shown in Fig. 3.

The compiler is responsible for reading the HLL program,
checking its correctness and parsing the program. During

the compilation process, the compiler performs one or more

passes. Whereas compilers for digital computers perform
extra passes to optimize execution time and memory usage,

our compiler targets problems specific to microfluidics—
not found in digital computers—namely, variable-volume

management and contamination mitigation. We briefly

summarize these compiler passes, and refer the reader to
Amin et al. (2007a, 2008) for computer-science-related

details. The issue of fluid volume management arises

because fluids have a fixed total volume, and the use of a
fluid (variable) depletes it. If there are many uses of a fluid,

the given volume of the fluid must be distributed carefully

among the uses to prevent execution from running out of the
fluid before all of the uses occur. This distribution poses a

challenge when the uses require different proportions of

volumes as is the case when a fluid is mixed with different
fluids in different ratios (e.g., one use for a fluid is in a mix

ratio of 1:2, whereas another use for the same fluid is in a

mix ratio of 1:10). Dealing with fluid depletion is further
complicated by low-level, implementation-dependent

details of the fluidic hardware, such as maximum capacity

(of reservoirs and functional units) and minimum fluid
transport resolution (imposed by the fluid transport/han-

dling hardware). Forcing the programmer to handle these

constraints would diminish the practicality of SPLoCs.
Consequently, our compiler passes handles this issue

automatically, and assigns each fluid use a fixed volume that

ensures that no underflow or overflow will occur.
The second issue of fluid contamination mitigation

arises because fluid flow is not perfect and leaves residue in

the SPLoC’s components (e.g., channels and reservoirs)
despite efforts to reduce such residue [e.g., reducing ‘‘dead

spots’’ in reservoirs (Unger et al. 2000)]. This residue may

contaminate the next fluid that uses the same components.
Although an application-specific LoC can dedicate

resources for the cross-contaminating reagents in the target

assay, the SPLoC has no specific target assay or knowledge
of specific cross-contaminating reagents and must be

designed to share the same component among multiple

fluids of the same assay. While the SPLoC programmer
could manually insert wash steps in the assay to remove

contamination, doing so would be cumbersome and would

require the programmer to know the low-level details of
which fluid uses which components and when. Instead, we

require the programmer to specify only which fluid may

contaminate which other, but not wash steps in precisely
the correct places in the assay. The compiler automatically

Fig. 3 Aqua source code and AIS compiled instructions. a Aqua
code for a glucose calibration and detection assay, b compiled
AquaCore instruction set code

Microfluid Nanofluid

123

Aqua 



13	
  

ASSAY	
  glucose_test	
  START	
  
	
  
FLUID	
  Glucose	
  WASH	
  soap;	
  
FLUID	
  Reagent;	
  
FLUID	
  Sample;	
  
FLUID	
  a;	
  
FLUID	
  b;	
  
FLUID	
  c	
  WASH	
  h;	
  
FLUID	
  d	
  WASH	
  w;	
  
FLUID	
  e	
  WASH	
  x;	
  
VAR	
  Result[5];	
  
	
  
INPUT	
  Glucose;	
  
INPUT	
  Reagent	
  100;	
  
INPUT	
  Sample	
  120;	
  
	
  
a	
  =	
  MIX	
  Glucose	
  AND	
  Reagent	
  IN	
  RATIOS	
  1	
  :	
  1	
  FOR	
  10;	
  
SENSE	
  OPTICAL	
  it	
  INTO	
  Result[1];	
  
	
  
b	
  =	
  MIX	
  Glucose	
  AND	
  Reagent	
  IN	
  RATIOS	
  1	
  :	
  3	
  FOR	
  10;	
  
SENSE	
  OPTICAL	
  it	
  INTO	
  Result[2];	
  
	
  
c	
  =	
  MIX	
  Glucose	
  AND	
  Reagent	
  IN	
  RATIOS	
  1	
  :	
  7	
  FOR	
  10;	
  
SENSE	
  OPTICAL	
  it	
  INTO	
  Result[3];	
  
	
  
d	
  =	
  MIX	
  Glucose	
  AND	
  Reagent	
  IN	
  RATIOS	
  1	
  :	
  15	
  FOR	
  10;	
  
SENSE	
  OPTICAL	
  it	
  INTO	
  Result[4];	
  
	
  
e	
  =	
  MIX	
  Sample	
  AND	
  Reagent	
  IN	
  RATIOS	
  1	
  :	
  1	
  FOR	
  10;	
  
SENSE	
  OPTICAL	
  it	
  INTO	
  Result[5];	
  

From	
  HLLs	
  to	
  graph	
  models	
  
§ We	
  model	
  a	
  biochemical	
  
applica7on	
  as	
  a	
  graph	
  

§ Compiler:	
  translates	
  the	
  protocol	
  wrieen	
  in	
  the	
  
HLL	
  into	
  the	
  graph,	
  doing	
  mixing	
  op7miza7on	
  

O0

Input (Glucose)

O3

Mix
(10)

O5

Mix
(10)

O8

Mix
(10)

O12

Mix
(10)
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Input (Reagent)
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O17

Mix
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O4

Sense (optical)

O7

Sense (optical)

O11

Sense (optical)

O16

Sense (optical)

O18

Sense (optical)
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The	
  graph	
  model	
  for	
  an	
  enzyme	
  test	
  
§ Considering	
  a	
  variable	
  mixer	
  module	
  

§ Considering	
  a	
  1:1	
  mixer	
  module;	
  mixing	
  is	
  op7mized	
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O115

Mix
(60)

O118

Mix
(60)

O121

Mix
(60)

O124

Mix
(60)

O127

Mix
(60)

O130

Mix
(60)

O133

Mix
(60)

O136

Mix
(60)

O139

Mix
(60)

O142

Mix
(60)

O145

Mix
(60)

O148

Mix
(60)

O151

Mix
(60)

O154

Mix
(60)

O157

Mix
(60)

O160

Mix
(60)

O163

Mix
(60)

O166

Mix
(60)

O169

Mix
(60)

O172

Mix
(60)

O175

Mix
(60)

O178

Mix
(60)

O181

Mix
(60)

O184

Mix
(60)

O187

Mix
(60)

O190

Mix
(60)

O193

Mix
(60)

O196

Mix
(60)

O199

Mix
(60)

O202

Mix
(60)

O205

Mix
(60)

O17

Incubate@37
(300)

O18

Sense (optical)

O20

Incubate@37
(300)

O21

Sense (optical)

O23

Incubate@37
(300)

O24

Sense (optical)

O26

Incubate@37
(300)

O27

Sense (optical)

O29

Incubate@37
(300)

O30

Sense (optical)

O32

Incubate@37
(300)

O33

Sense (optical)

O35

Incubate@37
(300)

O36

Sense (optical)

O38

Incubate@37
(300)

O39

Sense (optical)

O41

Incubate@37
(300)

O42

Sense (optical)

O44

Incubate@37
(300)

O45

Sense (optical)

O47

Incubate@37
(300)

O48

Sense (optical)

O50

Incubate@37
(300)

O51

Sense (optical)

O53

Incubate@37
(300)

O54

Sense (optical)

O56

Incubate@37
(300)

O57

Sense (optical)

O59

Incubate@37
(300)

O60

Sense (optical)

O62

Incubate@37
(300)

O63

Sense (optical)

O65

Incubate@37
(300)

O66

Sense (optical)

O68

Incubate@37
(300)

O69

Sense (optical)

O71

Incubate@37
(300)

O72

Sense (optical)

O74

Incubate@37
(300)

O75

Sense (optical)

O77

Incubate@37
(300)

O78

Sense (optical)

O80

Incubate@37
(300)

O81

Sense (optical)

O83

Incubate@37
(300)

O84

Sense (optical)

O86

Incubate@37
(300)

O87

Sense (optical)

O89

Incubate@37
(300)

O90

Sense (optical)

O92

Incubate@37
(300)

O93

Sense (optical)

O95

Incubate@37
(300)

O96

Sense (optical)

O98

Incubate@37
(300)

O99

Sense (optical)

O101

Incubate@37
(300)

O102

Sense (optical)

O104

Incubate@37
(300)

O105

Sense (optical)

O107

Incubate@37
(300)

O108

Sense (optical)

O110

Incubate@37
(300)

O111

Sense (optical)

O113

Incubate@37
(300)

O114

Sense (optical)

O116

Incubate@37
(300)

O117

Sense (optical)

O119

Incubate@37
(300)

O120

Sense (optical)

O122

Incubate@37
(300)

O123

Sense (optical)

O125

Incubate@37
(300)

O126

Sense (optical)

O128

Incubate@37
(300)

O129

Sense (optical)

O131

Incubate@37
(300)

O132

Sense (optical)

O134

Incubate@37
(300)

O135

Sense (optical)

O137

Incubate@37
(300)

O138

Sense (optical)

O140

Incubate@37
(300)

O141

Sense (optical)

O143

Incubate@37
(300)

O144

Sense (optical)

O146

Incubate@37
(300)

O147

Sense (optical)

O149

Incubate@37
(300)

O150

Sense (optical)

O152

Incubate@37
(300)

O153

Sense (optical)

O155

Incubate@37
(300)

O156

Sense (optical)

O158

Incubate@37
(300)

O159

Sense (optical)

O161

Incubate@37
(300)

O162

Sense (optical)
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Incubate@37
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O165

Sense (optical)

O167

Incubate@37
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Incubate@37
(300)
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Sense (optical)
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Incubate@37
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O174

Sense (optical)
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Incubate@37
(300)
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Sense (optical)

O179

Incubate@37
(300)

O180

Sense (optical)
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Incubate@37
(300)

O183

Sense (optical)

O185

Incubate@37
(300)

O186

Sense (optical)

O188

Incubate@37
(300)

O189

Sense (optical)

O191

Incubate@37
(300)

O192

Sense (optical)

O194

Incubate@37
(300)

O195

Sense (optical)

O197

Incubate@37
(300)

O198

Sense (optical)

O200

Incubate@37
(300)

O201

Sense (optical)

O203

Incubate@37
(300)

O204

Sense (optical)

O206

Incubate@37
(300)

O207

Sense (optical)
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1)	
  Alloca.on	
  and	
  schema.c	
  design	
  
§  How	
  many	
  components,	
  and	
  how	
  to	
  interconnect	
  them?	
  

§  Input/	
  output	
  ports	
  
§  Storage	
  units	
  
§  Fluidic	
  constraints	
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2)	
  Physical	
  synthesis	
  –	
  flow	
  layer	
  

§  Placement	
  
§  Where	
  to	
  place	
  the	
  components?	
  

§  Flow	
  channel	
  rou7ng:	
  
§  How	
  to	
  connect	
  them?	
  

§  Extrac7ng	
  rou7ng	
  latencies	
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Placement	
  
§ “Simulated	
  Annealing”	
  (SA)	
  implementa7ons	
  

§ Metaheuris7c:	
  uses	
  “design	
  transforma7ons”	
  and	
  evaluates	
  them	
  
§  How	
  to	
  judge	
  the	
  quality	
  of	
  a	
  placement?	
  

62 Computer-Aided Design Tool

8.1 Visualization

Finding the best configuration for the simulated annealing is, due to the many
parameters, a difficult task. The solution found by the simulated annealing
should correspond to our perception of a good solution. Seeing the placement
evolve, as it is modified by the simulated annealing algorithm, will help identify
what parameters should be changed. This is the motivation behind the visual-
ization of the placement algorithm. Figure 8.1 shows a GUI screenshot during
a placement.

Figure 8.1: Screenshot of the GUI as the tool is performing the placement of
architecture 10-2. Green rectangles are components, thick blue
lines are routes, red crosses are intersections, and thin black lines
indicate a connection between two connection points. The top bar
provides data about the current placement.

In addition to showing the visualization of the placement, the GUI also provides
the following information:

28 Approximated Cost Function

5.1.1 Approximated Total Length

Under ideal conditions, the length of the route between an exit point, u, and an
entry point, v, is given by the Manhattan distance between u and v. Thus, the
Manhattan distance is a lower bound on the route length between u and v. The
majority of routing algorithms seek to minimize the total route length. Based
on this, the Manhattan distance is expected to be a good approximation for the
route length. Figure 5.1 shows an example where the Manhattan distance is
equal to the route length.

(a) (b)

Figure 5.1: Illustration of C with Manhattan distances, and line segment in-
tersection (a), and the corresponding routing (b). The dashed
lines are the Manhattan distances, and the red crosses indicate
intersection.

The Manhattan length for an edge, e
uv

, from u to v is:

||e
uv

|| = |u
x

� v
x

|+ |u
y

� v
y

| (5.1)

The approximated total length of the routes is found as the sum of the Man-
hattan lengths of all edges:

L
A

=
X

euv2E

||e
uv

|| (5.2)

Cost	
  func7ons:	
  
(a)	
  no.	
  of	
  intersec7ons	
  +	
  length	
  +	
  squared	
  length	
  	
  
(b)	
  actual	
  rou7ng	
  lengths	
  +	
  no.	
  of	
  intersec7ons 

30 Approximated Cost Function

For two points, (x1, y1) and (x2, y2), not on l
uv

we have F (x1, y1) 6= 0 and
F (x2, y2) 6= 0. Furthermore, if the two points are on opposite sides of l

uv

they
have different signs [8], thus F (x1, y1) = �F (x2, y2).

The strategy is to use this property to determine if s
uv

and s
pq

intersect. The
two segments only intersect in the case that (1) the end points, u and v, are on
opposite sides of l

pq

, and (2) p and q are on opposite sides of l
uv

.

5.2 Computing the Cost Function

The cost function is defined by all three metrics mentioned in the previous
section. The cost function is computed as:

Cost
A

(G) = ↵N
A

+ �L
A

+ �S
A

(5.8)

where ↵, �, and � are constant weights. The exact values of the weights depend
on which metrics should be given highest priority. This is decided by the biochip
designer based on parameters like which applications should run on the chip,
available chip area, etc.

Equation 5.8 unambiguously expresses the quality of a placement with respect
to the described metrics and for the chosen values of ↵, �, and �. This means
that the simulated annealing algorithm can compare two solutions and choose
the better one, or with some probability, choose the inferior one.

5.2.1 Analysis

The cost function is computed for each iteration of the simulated annealing
algorithm and has great impact on the running time. This is also the reason
why it is necessary to approximate the quality of the routes instead of doing the
actual routing.

Let n denote the number of connections, |E|, in C. According to equation 5.2
and 5.3, L

A

and S
A

are computed by summing over all n connections and
calculating the Manhattan distance between the exit and entry points. The
Manhattan distance is calculated in O(1) time so the time to calculate L and S
is O(n).

According to equation 5.5, N
A

is computed by summing over all pairs of line
segments and calculating whether they intersect or not. Intersection is checked

actual routing 
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Flow-­‐channel	
  rou.ng	
  
§ Algorithms	
  

§  Lee,	
  Hadlock,	
  Soukoup	
  

34 Routed Cost Function

occupied or available. This is in accordance with the proposed architecture
model, thus the algorithms can be directly applied to the grid graph, G. The
algorithms also take as input a source, s, and a target, t. The output of the
algorithm is a route going from s to t.

6.1.1 Lee’s Algorithm

Lee’s algorithm [10] is basically a breadth-first search. A wave front starts in
s, and expands until t is discovered. See figure 6.1. Due to properties of the
breadth first search, the route found by Lee’s algorithm is guaranteed to be the
shortest. In fact, Lee’s algorithm will find the shortest distance from s to any
cell it discovers. This means that Lee’s algorithm can route from s to multiply
targets at once. Due to its simplicity, Lee’s algorithm is widely used.

7 6 5 6 7 8 9 10 11 12

6 5 4 5 6 7 8 9 10 11

5 4 3 4 5 12

4 3 2 3 4 12

3 2 1 2 3 11 11 12

4 2 10 10 11

3 2 2 9 10

4 3

5 4 3 4 5 6 7 8 9 10

6 5 4 5 6 7 8 9

1

1110

98765432

81

9

10

11t

s

Figure 6.1: Visualization of propagating waves in Lee’s algorithm. The num-
bers indicate the wave front number, which is also the distance
to s. The arrows indicate the direction from which a cell is dis-
covered. The route is found by retracing the arrows from t to
s.

Algorithm 2 describes an implementation of Lee’s algorithm. Two lists, w and
w0, are maintained (lines 2-3). w is the current wave front, which initially only
contains s, and w0 is the next wave front, which is initially empty.

All the neighbours of cells in w, that have not yet been visited, are explored
(lines 7-12). Neighbours are assumed to be explored in a counter-clockwise

Lee’s	
  algorithm 
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Control	
  layer	
  rou.ng	
  
§ Algorithms	
  

§  Lee-­‐Steiner:	
  Route	
  from	
  component	
  to	
  nearest	
  air	
  inlet;	
  rip-­‐up	
  and	
  reroute	
  
§  PathFinder	
  	
  

Lee-­‐Steiner’s	
  algorithm 
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Results	
  –	
  real-­‐life	
  applica.on	
  

PCR:	
  	
  	
  Polymerase	
  Chain	
  Reac7on	
  mixing	
  stage	
  
IVD:	
  	
  	
  	
  In-­‐Vitro	
  Diagnos7cs	
  
CPA:	
  	
  	
  Colorimetric	
  Protein	
  Assay	
  
Allocated	
  units:	
  	
  	
  	
  (Input	
  ports,	
  output	
  ports,	
  Mixers,	
  Heaters,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Filters,	
  Detectors)	
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Design	
  for	
  fault-­‐tolerance	
  
§ Design	
  methodology	
  steps	
  

1.  Biochip	
  design	
  (as	
  explained	
  so	
  far)	
  
2.  Fabrica7on	
  (the	
  first	
  talk)	
  
3.  Tes7ng	
  (the	
  previous	
  talk)	
  
4.  Defec7ve	
  chips	
  are	
  discarded	
  

§ Idea:	
  introduce	
  redundancy	
  for	
  fault	
  tolerance	
  
§  Increase	
  the	
  yield	
  at	
  the	
  expense	
  of	
  chip	
  area	
  

§  A	
  chip	
  with	
  a	
  manufacturing	
  fault	
  can	
  s7ll	
  be	
  used	
  
§  Redundancy	
  could	
  also	
  be	
  used	
  to	
  tolerate	
  faults	
  at	
  “run7me”	
  

§ Part	
  of	
  the	
  “Alloca7on	
  and	
  schema7c	
  design”	
  
§  Output:	
  fault-­‐tolerant	
  netlist,	
  poten7ally	
  using	
  fault-­‐tolerant	
  components	
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Redundancy	
  is	
  already	
  used	
  in	
  prac.ce	
  
§ Mars	
  Organic	
  Analyser	
  chip	
  
developed	
  for	
  detec7ng	
  
biomolecules	
  in	
  Mars’	
  soil	
  

§ Failure	
  on	
  Mars	
  is	
  extremely	
  
costly	
  (no	
  experiments	
  will	
  
be	
  possible	
  if	
  the	
  chip	
  fails)	
  	
  

§ Redundancy:	
  if	
  pumping	
  
valve	
  E	
  fails,	
  the	
  sample	
  can	
  
s7ll	
  be	
  loaded	
  in	
  the	
  CE	
  
reservoir	
  via	
  a	
  redundant	
  
route	
  consis7ng	
  of	
  valves	
  G,	
  
H,	
  B	
  and	
  D.	
  

A.	
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  Grover,	
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  Ivester,	
  P.	
  Ehrenfre-­‐	
  und,	
  F.	
  J.	
  Grunthaner,	
  J.	
  L.	
  Bada,	
  and	
  R.	
  A.	
  
Mathies.	
  Development	
  and	
  evalua7on	
  of	
  a	
  microdevice	
  for	
  amino	
  acid	
  biomarker	
  detec7on	
  and	
  analysis	
  on	
  Mars.	
  Proceedings	
  of	
  
the	
  Na7onal	
  Academy	
  of	
  Sciences	
  of	
  the	
  United	
  States	
  of	
  America,	
  (4):1041–1046.	
  



23	
  

Fault-­‐tolerant	
  components	
  

Component library—Mixer
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Figure a shows a pneumatic mixer, which is implemented by nine microfluidic
valves, v1 to v9. Figure b shows the conceptual view of the same mixer. The valve
set {v4, v5, v6} works as on-chip pump which is used to perform the mixing. The
valve set {v1, v2, v3} is termed as switch S1 and facilitates the inputs. The valve
set {v7, v8, v9} is termed as switch S2 and facilitates the outputs. The mixer has
five operational phases. The first two phases represent the input of two fluid
samples that need to be mixed, which is followed by the mixing phase. The mixed
sample is then transported out of the mixer in the last two phases. The mixer can
fail in various ways. Each valve in the mixer can be stuck closed or stuck open.
The two channels inside the mixer can also fail. Both channels can su↵er from a
block defect or a leakage. For example any valves in the valveset {v4, v5, v6} that
acts as the pump can su↵er from the being stuck open or closed and the mixer will
therefore not be able to perform its mixing operation.

Figure c shows a fault-tolerant version of the pneumatic mixer called
fault-tolerant mixer or ft-mixer for short. Figure d shows the conceptual view of
the same ft-mixer. The ft-mixer has the same operational phases as the regular
mixer and performs them in the same way. The di↵erence is the added valve v13.
The purpose is this valve is to tolerate the fault of any valve in the pump being
stuck open. In case any of these faults occurs the pump will still be functional and
the mixing can still be performed. However in case of any other fault the ft-mixer
will not be able to perform the mixing operation.

It is possible to route through the mixers even with faults a↵ecting it. For
example if the mixer su↵ers from a blocked or leaking channel the mixing
operation can not be performed but it can use the other non-faulty channel to
route through the mixer. It is possible to have a pump consisting of four valves.
The amount of space between the valves is meaningless and the pump can still
function and perform the mixing. The symmetrical design of the mixer allows
input from both sides and it can output to both sides.
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Design	
  for	
  fault-­‐tolerance:	
  mo.va.on	
  example	
  Motivational Example—Setup

The figure on the left depicts the architecture and the figure on the
right depicts the application model that needs to run on the
architecture. The application has a deadline of 50 seconds. The
architecture’s connections and component take an average time of 0.5
seconds to route through.

Morten Chabert Eskesen (DTU Compute) Fault-tolerant architecture for biochips May 23, 2015 23 / 43

• The purpose of the application’s deadline is to check schedulability of the application
on the architecture.

• The average time to route through a connection / component is a simplification in
order to easier determine a schedule for a given architecture. Furthermore the
placement of components on the biochip is not known as only the netlist is given.

• The motivational example will show that the straightforward solution, although easy
to implement, has the disadvantage of being costly compared to the optimized
solution.

Architecture	
  without	
  fault-­‐tolerance Applica7on 
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Fault	
  model	
  
§ The	
  designer	
  gives	
  the	
  fault-­‐model	
  as	
  an	
  input:	
  
a	
  set	
  of	
  possible	
  faults;	
  any	
  combina7on	
  may	
  happen	
  

Motivational Example—Specific fault model

The fault model is specific and considers all of the faults listed below.
In total four valve faults and four channel faults.

Morten Chabert Eskesen (DTU Compute) Fault-tolerant architecture for biochips May 23, 2015 29 / 43

Table: The set of valve faults VF
Name Vertex (N 2 N ) Valve a↵ected (w) Type (t)
V F1 Mixer1 v5 Open
V F2 S6 v3 Open
V F3 S5 v2 Open
V F4 S3 v3 Open

Table: The set of channel faults CF
Name Component (M 2 N , /2 S) / Connection Di,j 2 D Type (t)
CF1 Heater1 Block
CF2 Filter1 Block
CF3 S2 ! Storage-8 Block
CF4 S1 ! Mixer1 Block
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Motivational Example—Specific fault model

The fault model is specific and considers all of the faults listed below.
In total four valve faults and four channel faults.
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Table: The set of valve faults VF
Name Vertex (N 2 N ) Valve a↵ected (w) Type (t)
V F1 Mixer1 v5 Open
V F2 S6 v3 Open
V F3 S5 v2 Open
V F4 S3 v3 Open

Table: The set of channel faults CF
Name Component (M 2 N , /2 S) / Connection Di,j 2 D Type (t)
CF1 Heater1 Block
CF2 Filter1 Block
CF3 S2 ! Storage-8 Block
CF4 S1 ! Mixer1 Block

StraighUorward	
  vs.	
  op.mized	
  redundancy	
  

§ Straighqorward	
  solu7on:	
  
redundancy	
  not	
  op7mized;	
  
architecture	
  cost:	
  129	
  

	
  
§ Op7mized	
  solu7on	
  
the	
  introduc7on	
  of	
  
redundancy	
  is	
  op7mized;	
  
architecture	
  cost:	
  96	
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Synthesis	
  of	
  fault-­‐tolerant	
  netlists	
  Architecture Synthesis

  

Randomly generate fault scenarios

Constraints for architecture A:
  i. Tolerate fault scenarios in Z
  ii. Use library L
Constraints for fault model Z
  i. Number of fault scenarios
Constraints for application G:
  i. Run within deadline d

Evaluate stop
criterion

Evaluate initial architecture A

Generate alternative
architecture A

1

Evaluate objective function

Update best-so-far
architecture solution

OUTPUT
Architecture solution

Continue

S
to

p

Evaluate cost, fault-tolerant
routability and timing constraints
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• An architecture is synthesized to tolerate the generated fault scenarios from the fault
model Z considering the application G with a deadline dG . Since the architecture
synthesis is performed before the fabrication and testing the locations of the faults are
not known during the architecture synthesis.

Architecture Evaluation—Overview

Before evaluating an architecture the set of fault scenarios, FS, must
be randomly generated from the fault model Z = (VF , CF , v, c). The
number of fault scenarios is given by the designer.

The generated fault scenarios are iterated and each iteration applies a
fault scenario the architecture. In each iteration the connectivity of
the architecture, ft, and the finish time, �, of the application on the
architecture are determined.

The architecture evaluation is then the sum of three variables, where
dG is the deadline of the application.

Objective(A) =

0

@
FSX

f2FS
¬ft

1

A⇥Wft+

0

@
FSX

f2FS
max(0, � � dG)

1

A⇥Ws+CostA
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•
0

@
FSX

f2FS
¬ft

1

A is the sum of fault scenarios that is not connected. Connectivity is

denoted by ft where ft will be 1 if the architecture is connected and 0 if it is not
connected. The sum is then multiplied with Wft which denotes a penalty value.
Consequently this variable will become smaller the more fault scenarios that pass the
connectivity test.
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A denotes the scheduling of the application on the architecture

a↵ected by the di↵erent fault scenarios. In each fault scenario the maximum of either
0 or the application finish time minus the application deadline. Thereby the sum
grows larger as the application is not schedulable on the architecture or if it finishes
after the deadline. The sum is then multiplied with Ws which denotes a penalty
value. Accordingly the variable will grow larger as the application is not schedulable
within the deadline or no schedule is found.

• Costarch denotes the physical constraints. This variable is the sum of the total
number of valves and total number of channels in the architecture.

• The next slides will show how the fault scenarios are generated, how the connectivity
of the architecture and the scheduling of the application are determined.

Simulated	
  Annealing	
   

Objec7ve	
  func7on: 
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Applica.on	
  mapping:	
  current	
  prac.ce	
  

§  Manually	
  map	
  experiments	
  to	
  the	
  valves	
  of	
  the	
  device	
  
§  Using	
  Labview	
  or	
  custom	
  C	
  interface	
  
§  Given	
  a	
  new	
  device,	
  start	
  over	
  and	
  do	
  mapping	
  again	
  
§  With	
  complexity	
  increasing,	
  the	
  method	
  becomes	
  inadequate	
  

Slide	
  source:	
  Bill	
  Thies,	
  Microsor	
  Research,	
  India	
  

§  Similar	
  to	
  having	
  gate-­‐level	
  exposed	
  to	
  the	
  user	
  in	
  VLSI	
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Programming	
  biochips:	
  vision	
  

§ Programming	
  tools:	
  compiler,	
  assembler,	
  debugger,	
  simulator	
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Applica.on	
  mapping:	
  Problem	
  formula.on	
  
§  Given	
  

§  A	
  biochemical	
  applica7on	
  
§  A	
  biochip	
  modeled	
  as	
  a	
  topology	
  graph 
§  Characterized	
  component	
  model	
  library	
   

§  Determine	
  
§  An	
  applica7on	
  mapping,	
  deciding	
  on:	
  

§  Binding	
  of	
  opera7ons	
  and	
  edges	
  
§  Scheduling	
  of	
  opera7ons	
  and	
  edges	
  

§  Such	
  that	
  	
  
§  the	
  applica7on	
  comple7on	
  7me	
  is	
  minimized	
  
§  the	
  dependency,	
  resource	
  and	
  rou7ng	
  constraints	
  are	
  sa7sfied	
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Applica.on	
  model	
  

24 Biochip Architecture and System Model

Figure 2.8: Mixing Stage of the Polymerase Chain Reaction Assay

Figure 2.9: In-Vitro Diagnostics on Physiological Fluids

“in-vitro 
diagnostics” 
application 
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Proposed	
  solu.on	
  

	
  
§  List	
  Scheduling-­‐based	
  Applica7on	
  Mapping	
  (LSAM)	
  

§  Binding	
  	
  
§  Scheduling	
  
§  Fluidic	
  rou7ng	
  (conten7on	
  awareness)	
  
§  Storage	
  (requirement	
  analysis	
  and	
  assignment)	
  
§  Composite	
  route	
  genera7on	
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F15 
F14 
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LSAM	
  comparison	
  with	
  op.mal	
  

Schedule	
  length	
  

CB:	
  	
  	
  	
  	
  	
  Clique	
  based	
  op7mal	
  solu7on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [Dinh	
  et	
  al.	
  ASPDAC,	
  2013]	
  
SB:	
  	
  	
  	
  	
  	
  Synthe7c	
  benchmark	
  
PCR:	
  	
  	
  	
  Polymerase	
  chain	
  reac7on	
  –	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mixing	
  stage	
  
IVD:	
  	
  	
  	
  	
  In-­‐vitro	
  diagnos7cs	
  	
  	
  	
  

Computa7on	
  7me	
  

 
LSAM produces good quality  

solutions in short time. 
 



35	
  

Summary	
  and	
  message	
  

§  Summary	
  
§  Models	
  for	
  the	
  biochip	
  and	
  the	
  components	
  
§  Top-­‐down	
  physical	
  synthesis	
  and	
  applica7on	
  mapping	
  

§  Design	
  for	
  fault-­‐tolerance	
  
§  Expected	
  to	
  	
  

§  increase	
  the	
  yield	
  
§  facilitate	
  programmability	
  and	
  automa7on	
  
§  minimize	
  design	
  cycle	
  7me	
  
§  enhance	
  chip	
  scalability	
  and	
  throughput	
  
§  play	
  a	
  role	
  in	
  emergence	
  of	
  a	
  large	
  biochip	
  market	
  

§  Message	
  
§  Deign	
  complexity	
  is	
  on	
  the	
  rise	
  
§  Top-­‐down	
  CAD	
  tools	
  are	
  needed	
  to	
  support	
  the	
  designer	
  
§  The	
  introduc7on	
  of	
  redundancy	
  has	
  to	
  be	
  carefully	
  op7mized	
  
§  High-­‐level	
  language	
  and	
  tools	
  are	
  needed	
  for	
  programability	
  


