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ABSTRACT

Lowering down the chip temperature is becoming one of the im-
portant design considerations, since temperature adversely and se-
riously affects many of design qualities, such as reliability, perfor-
mance and leakage power of chip, and also increases the packaging
cost. In this work, we address a new problem of thermal-aware
module binding in high-level synthesis, in which the objective is
to minimize the peak temperature of the chip. The two key con-
tributions are (1) to solve the binding problem with the primary
objective of minimizing the ‘peak’ switched capacitance of mod-
ules and the secondary objective of minimizing the ‘total’ switched
capacitance of modules and (2) to control the switched capaci-
tances with respect to the floorplan of modules in a way to min-
imize the ‘peak’ heat diffusion between modules. For (1), our pro-
posed thermal-aware binding algorithm, called TA-b, formulates
the thermal-aware binding problem into a problem of repeated uti-
lization of network flow method, and solve it effectively. For (2),
TA-b is extended, called TA-bf, to take into account a floorplan
information, if exists, of modules to be practically effective. From
experiments using a set of benchmarks, it is shown that TA-bf is
able to use 10.1°C and 11.8°C lower peak temperature on the aver-
age, compared to that of the conventional low-power and thermal-
aware methods, which target to minimizing total switched capaci-
tance only ([18]) and to minimizing peak switched capacitance only
([16]), respectively.
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1. INTRODUCTION

Due to the continued scaling of technology, designing with multi-
million transistors is common. (For example, Intel Itanium 2 pro-
cessor consists of over 200 million transistors [1].) However, the
increase in the number of transistors in a limited silicon area causes
a number of crucial design problems to be solved. One of them is
power consumption due to the increase of power density in a chip.
(For example, the power density in microprocessors would exceed
that of a kitchen’s hot plate at 0.6um technology [2].) One serious
problem caused by the increase of power density is the increase
of chip temperature. Furthermore, since different components of
a chip can have different execution profiles, consuming different
amount of powers, the temperatures of the components of chip are
not uniform. That is, the component with heavy/light operating ac-
tivity will reach a relatively high/low temperature. Consequently,
in a designer’s point of view it is very necessary to generate a chip
in a way that the locations of the chip, which reach excessively high
temperatures (called hot spots), do not appear.

Temperature has adverse effects in many respects. It reduces
the chip’s lifetime because of the acceleration of the chemical pro-
cess (following Arrhenius equation) in the chip. It is shown that
the mean time between failure (MTBF) of a chip is multiplied by
a factor of 10 for every 30°C rise in the junction temperature [3].
Moreover, the increase of temperature decreases carrier mobility
and thus switching speed of the transistors, which then increases
the overall timing of the circuits. Also, temperature drastically
increases the leakage power, which is becoming a major source
of power consumption [4]. (For example, the leakage power can
contribute as much as 42% of the total power in the 90nm pro-
cess technology generation [5].) There has been a number of re-
search works which have addressed the problem of thermal mod-
eling and temperature-aware design (i.e, reducing the temperature
of hotspots). For thermal modeling, a micro-architecture level ther-
mal model was proposed in [6, 7], and a chip-level thermal model
based on full-chip layout was proposed in [8]. On the other hand,
in [9], a device level thermal modeling using heat transfer equa-
tions is proposed. In addition, the authors in [10] extended the
thermal model in [6, 7] to be able to measure temperatures at dif-
ferent design granularities, and the authors in [11, 12] addressed
the thermal modeling of interconnects. For thermal-aware design,
most of the works focused on the physical level design. The au-
thors in [13] developed a standard cell placement tool for the uni-
form thermal distribution on a chip. The authors in [14] proposed
so called matrix synthesis approach to evenly place the cells with
different thermal values. In addition, the authors in [15] proposed a
thermal-driven floorplanning algorithm for 3-D ICs. Recently, the
authors in [16, 17] proposed two module binding algorithms, one
greedy and the other iterative improvement, for minimizing peak
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(a) Optimal binding[18] result for minimizing total switching activity

opl, op9, opll —> switched cap = 6.5
op2, op4, op6, opl3 —> switched cap = 7.5
op3, op5, op7, op8, opl0, opll —> switched cap = 17.6

total switching = 31.6, peak switching = 17.6

ALU_1:84.25C, ALU_2:92.25C, |ALU_3:106.75 C

and the resultant temperatures of functional modules

opl | op2| op3| op4 | op5 | op6 | op7| op8 | op9 | opl@ oplljopl2 | opl3
opl 0| 35)33]|34]39]37|38(39]|31|36]38][32]39
op2 | 33| 0|36|25|38]33|34|35|31]36]|39]33]|38
op3 | 35| 33| 0| 39]39[39|39]| 36| 32|34]33|38] 3.1
opd | 38| 34(33| o35 25[39|33|34|33[37|39] 31
OPS | 33 |34(32(36| 0|39 36| 37|32]38]|34]37] 31
op6 | 33 |34(35] 31| 34| 0] 39 36]39]39]38] 35] 25
op7| 35 | 32(33 | 34| 33[31| 0| 30[38/39]|37| 36| 31
op8 | 3.6 | 37|33 | 34| 32| 38| 34| 0]35[33| 30| 38| 39
op9 | 32 [37(34 3235333836 0|39/ 34|39/ 31
opl0 3.1 |33 |35 (32| 33| 34|33|33/32| 0] 39|38 | 37
opll| 37 (36|34 |36]| 35/ 33| 38|32(35[33| 0|31/ 39
opl2| 3.1 |32 |33 (34| 35| 32| 38[36(34|33[37| o | 3.1
opl3| 33 |3.6 [38 |39 32| 33| 36| 3.1|31(33|30] 31 0

(b) The amount of input switches for the dataflow graph in (a)

ALU_1: opl, op9, opl0, opl2 —> switched cap = 10.8
ALU_2: op2, op4, op6, opl3 —> switched cap = 7.5
ALU_3: op3, op5, op7, op8, opll —> switched cap = 13.5 _

total switching = 31.8, peak switching = 13.5

ALU_1:98.05C, ALU_2:91.65C, |ALU_3:97.25

(d) Better binding result for minimizing peak switching activity
and the resultant temperatures of functional modules

opl3

ALU_1: opl, op7, op9, opll —> switched cap = 9.6
ALU_2: op2, op4, op6, opl3 —> switched cap = 7.5
ALU_3: op3, op5, op8, opl0, opl2 —> switched cap = 14.7

total switching = 31.8, peak switching = 14.7
ALU_1:94.25C, ALU_2:91.85C, [ALU_3:100.05C

(c) Conventional binding[17] result for minimizing peak switching
activity and the resultant temperatures of functional modules

Figure 1: Examples illustrating the effects of functional module binding on temperature.



temperature in high-level synthesis. Our proposed thermal-aware
technique belongs to high-level synthesis. However, compare to
the existing methods (e.g., [16, 17]), our approach entails the fol-
lowing two unique contributions: (1) solving the thermal-aware
module binding problem by utilizing a network flow based theoreti-
cal framework, and (2) solving the floorplan-driven thermal-aware
high-level synthesis problem. Note that contribution-1 is crucial
to enhance the quality of the solutions, while contribution-2 is to
reflect the heat transfer between the modules placed close to each
other.

Block-1
(cool)

ALU_1

Block-3 (cool)

ALU3

Block-2 (cool)

(a) Floorplan—1 which exhibits
no heat flow between ALUs
and other blocks

ALU_1 ALU_2
Block-1

(cool)

ALU_3
Block-1 (cool)

ALU_2
Block-2 (cool)

(b) Floorplan—2 which exhibits

heat flow between ALUs
and other blocks

Results w/o considering]  Results considering
placement information | placement information
sw cap. temp. sw cap. temp.
ALU_1 | 207 |127.05C 11.6 106.05 C
ALU_2 | 221 [117.05C | 221 110.15C
ALU_3 | 130 |90.05 C 234 11525C

(c) A comparison of results for floorplan—2 in (b) by minimizing
the peak switching only, and by minimizing the peak switching
considering the floorplan

ALU_1: op3, op9,0pl3
ALU_2: opl, op5,0p6, op8, opll —> switched cap =22.1
ALU_3 : 0p2, op4,0p7, op10,0p12 —> switched cap =23.4

—> switched cap =11.6

total switching = 57.1, peak switching = 23.4

ALU_1:106.05C, ALU_2:110.15C, |ALU_3:115.25C

(d) Floorplan—driven result for minimizing peak switching activity
and the resultant temperatures of functional modules

Figure 2: Examples illustrating the effects of placement of
functional modules on the temperature distribution.
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2. MOTIVATING EXAMPLE

It has been observed and generally accepted that there are two

major sources of heat generation in functional modules:
Observation-1: One source comes from the execution of modules.
The amount of heat generated can be counted by the switched ca-
pacitances of modules. The switched capacitance of module m;
is proportional to its switching activity sw(m;) and its load capac-
itance Cr, i.e., sw(m;) - Cr. For simplifying the explanation, we
assume, if not explicitly mentioned, that all load capacitance (Cr)
values of modules are identical in the presentation of sections 2
and 3. Thus, minimizing the ‘peak’ switched capacitance among
the modules corresponds to minimizing its (peak) switching activ-
ity.! Note that the experimentation section will explain how the C
values are extracted and used.
Observation-2: Another heat source is from the neighboring mod-
ules in the placement. The modules which are placed closed to the
modules with low (or high) temperature are likely to be cool (or
hot).

Observation-1 implies that minimizing switching activity will
be definitely helpful. However, minimizing the total amount of
switching activity, swy.y, of all modules does not always mean that
the temperature of the hottest module goes down. For example,
Fig. 1(a) shows a binding result using three modules, ALU_1, ALU_2,
and ALU_3 for the scheduled dataflow graph. The binding result
was obtained by using a power-optimal binding algorithm ([18])
for minimizing the quantity of swy,,. (The hamming distance be-
tween the inputs of every pair of operations is given in the table
of Fig. 1(b).) Consequently, sw;,; is a minimum, and the value
is 31.6. The bottom of the dataflow graph in Fig. 1(a) summa-
rizes the bounded operations to each module m; and the amount of
its switching activity sw(m;). With the obtained values of sw(m;)
and the module placement in floorplan-1 in Fig. 2(a), we used the
temperature estimator, HotSpot [6], to measure the temperatures of
the functional modules. The computed peak temperature (Tpeq) is
106.75°C on ALU_3, as summarized in Fig. 1(a). Also, we can see
that the largest amount of switching activity i.e., peak switching
SWpeak» 8180 occurs at ALU_3. On the other hand, Fig. 1(c) shows
the binding result produced by the algorithm in [17], which tries to
reduce the value of swp,y rather than that of swy,,. Consequently,
compared to that in Fig. 1(a), the resultant value of sw.q is re-
duced from 17.6 to 14.7, which leads to the reduction of the value
of Tpeqr from 106.75°C to 100.05°C, even the value of swyy is
increased. This result implies that reducing sw, is more impor-
tant than that of sw;,; to reduce the peak temperature, which means
a more elaborated thermal-aware binding method is required. In
fact, Fig. 1(d) shows a better binding than that in Fig. 1(c), which
reduces the value of sw ey from 14.7 to 13.5 and thus the value of
Tpeak from 100.5°C to 97.25°C.

Observation-2 implies that the information of module placement,
if available, should be taken into account, which otherwise, the
temperature distribution could be far from the expectation in the
final implementation.

For example, suppose we have obtained a binding result of min-
imum peak switched capacitance using Cr, values that are different
from that used in Fig. 1(d), which, as previously shown, will be
effective for the floorplans like floorplan-1 in Fig. 2(a) where no
heat diffusion to other modules happens. However, consider an-
other type of floorplan such as floorplan-2 in Fig. 2(b) in which
the modules are placed together for the same binding result. Then,

IThe ‘peak’ switched capacitance (switching activity) means the
maximum of the switched capacitances (switching activities) of
modules.



the resultant value of T}, produced by HotSpot [6] is 127.05°C
in ALU_1, as shown at the third column of the table in Fig. 2(c).
Note that the module of swpeq is ALU-2 but the hottest module
is ALU_1. This is because as it can be seen in the placement of
modules in floorplan-2, ALU_I is surrounded by two hot modules,
but ALU_2 and ALU_3 are neighbored with cool IP blocks.

On the other hand, Fig. 2(d) shows another binding, which con-
siders the placement of the modules in floorplan-2. The result
is summarized in the last two columns of the table in Fig. 2(c).
We can see that ALU_3 has both sw,eq and Tpeqr, but the value
(=115.25°C) of Tpeq is much smaller than the peak temperature
(=127.05°C) for the floorplan-unaware binding. This is because
ALU_3 is placed in a location which allows the heat generated by
the module to easily spread out. The observations imply that a
careful thermal-aware binding technique is very necessary and fur-
ther, the thermal-aware binding solution should take into account
the placement information, if exists.

Design flow—1 Design flow—2

Thermal-aware Binding
(TA-b)

Floorplanner

| Floorplanner

with Floorplan data

3 Thermal-aware Binding
(TA-bf)

Integrated design flow

Figure 3: Design flows using TA-b and TA-bf and their inte-
grated design flow.

3. THERMAL-AWARE HIGH-LEVEL
SYNTHESIS

Our work consists of two parts: (1) a thermal-aware functional
module binding algorithm TA-b, which is based on an effective uti-
lization of the network flow method, and (2) floorplan-driven bind-
ing algorithm TA-bf, which takes into account the thermal effects
of surrounding modules and/or IP blocks. Fig. 3 shows the two de-
sign flows where TA-b shall be used before floorplanning, as shown
at the left side of Fig. 3, and TA-bf shall be used after floorplan-
ning, as shown at the right side of Fig. 3. The peak temperature can
be further reduced by combining the two flows, as indicated by the
dotted arrows.

3.1 Thermal-aware module binding

When the floorplan information is not available, the best way
TA-b can do is to minimize the maximum (i.e., sWpeqk) switching
activity of modules. (Here, a reasonable assumption we used is that
the modules are completely isolated in the floorplan such that the
heat diffusions between the modules never occur.) The proposed
algorithm (TA-b) is an iterative improvement one. First, it gener-
ates an initial binding solution by formulating a low-power binding
problem into a network flow problem (based on that in [18]), where
the objective is to minimize the quantity of total switching activity
sWior. For brevity, we omit details on how the graph for network
flow formulation is constructed. (Fig. 4(a) shows a part of network
in which the vertically arranged nodes correspond to the operations
scheduled for execution at the same clock steps.) Rather we wish
to conceptually show how the network is modified and updated? in

2 An example is shown in Fig. 4(c), and it will be explained later.
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(c) Reconstruction of network for rebinding op1 from (b)

Figure 4: An example to conceptually show how TA-b update
the network.

our framework of thermal-aware binding algorithm TA-b to reduce
the sweqx value.

The basic idea of TA-b is, for each operation bound to the mod-
ule of swp,qk, to attempt rebinding the operation by rerunning the
network flow on an updated network. Then, among the rebind-
ings, TA-b selects the one which results in the largest reduction on
$Wpeak> and performs the rebinding. TA-b repeats this rebinding
process until there is no more reduction on swpeq. Clearly, since
the network flow method explores the search space globally, it is
likely to find a solution close to an optimum. However, for large
designs, the run time still takes long. To deal with large designs,
we employ a network partition strategy: We divide the network
into a set of multiple segments by cutting the network along the
nodes corresponding to the ‘full’ clock steps, and apply network
flow locally for rebinding. (A ‘full’ clock step is, if there are n
functional modules available to use, the clock step at which exactly
n operations are scheduled for execution. See Fig.4(b).) For exam-
ple, let us assume that we have a segment of binding solution as
shown in Fig. 4(a) from clock step-i to clock step-(i+4), where the
solution produces a minimum value of swy,,. The arrows indicate
the flow paths (i.e., bindings) of the network. Let us assume that
flow path --- — opl — op4 — op8 — opl1 — - is a part of flow
path of sweqi. The dotted box in Fig. 4(b) shows a local rebinding
zone, in which TA-b attempts two possible rebindings: one for op4
and another for op8. Fig. 4(c) shows the reconstruction of network
which satisfies the constraint that op4 should never be bound to the
same module to which op1 is bound. Note that the repeated ap-
plications of network flow computation reduces the swp,q; value.
On the other hand, each application achieves a minimum sw;,; un-
der the rebinding constraint. In that sense, it is well justified that
TA-b reduces sw,qqx as primary objective while trying to get down



the value of sw;, as much as possible. Furthermore, in the exper-
iments, it is shown that a binding solution with a smaller value of
swyor is more likely to be a smaller value of sweqi-

3.2 Floorplan-driven thermal-aware high-level
synthesis

Given a floorplan of modules, two critical factors that affect the
temperatures of modules are: the switching activity of the mod-
ule itself and the heat generated by the adjacent modules. Conse-
quently, a proper control of the quantities of the two factors will
lead to a considerable reduction on the peak temperature of the
chip. The heat diffusion between two adjacent modules is propor-
tional to their temperature difference and the length of the shared
block boundary between them [21], expressed as:

H(mivmj) :(T(mi)7T(mj))’Lshare(mi7mj) (1)

where H (m;,m;) is the amount of heat diffusion between modules
m; and m j, T (m;) is the temperature of module m;, and Ly (m;,m ;)
is the length of shared boundary between m; and m;. A negative
value of H(m;,m;j) indicates the heat flow from m; to m;. For
a module my, the total heat diffusion of module m; is defined by
H(m;) = Yy, H(m;,m;) where m; is adjacent to m;. Then, peak
heat diffusion, Hpeqay, is the maximum of H(-) values.

Note that the values of the two factors (i.e, the values of sw(-) and
H(-)) are tightly inter-related. The change of sw(-) values causes
to change H(-) values, and conversely. Our strategy of minimizing
Tyear 18 to gradually reduce the value of H,eqi by adjusting the val-
ues of sw(-). Let F be the floorplan and B be the binding solution
produced by TA-b. In addition, let p (0 < p < 1) be a switching
control parameter given by user. Then, the proposed thermal-aware
binding algorithm integrated with floorplan information, called TA-
bf, consists of three steps.

1. (Computing heat diffusions): For F and B, run a tempera-
ture estimation tool (e.g., [6]) and extract the temperatures of
modules, from which we compute H(-) of each module.

2. (Updating switching activity): Let m; be the module such
that H(m;) = Hpyear. Apply TA-b to reduce sw(m;) as much
as possible, but not more than sw(m) - (1 —p).3 If sw(my) is
not reduced at all, stop and return B. Otherwise, i.e. sw(m;)
is reduced to get down Hyeqy, We set B’ to the new binding
solution.

3. (Controlling Temperature): Recompute H(-) by extracting
temperatures of modules for F and B’. If T}, is reduced,
set B = B’. Otherwise, i.e., Tpeq is increased, set p = p/2.
Repeat Step 2.

Step 1 is to compute the heat diffusions of all modules. In Step 2,
we update the switching activity of each module by applying TA-
b in such a way that sw(-) of Hpeq is reduced by up to 100p%
(at maximum) while the total switching activity of all modules is
minimized. In Step 3, we check if the change of switching activities
reduces Tppqr value. If Tpeq is not reduced, a lighter change of
switching activities is tried by decreasing the value of p by half.
The procedure is terminated if TA-b, in Step 2, is no longer able to
reduce the sw(-) value of Tpeu.

3Instead of trying to rebind operations bound to the module with
$W peak» in this case TA-bf tries to rebind the operations to the mod-

ule with Hpe .

4. EXPERIMENTAL RESULTS

The proposed peak temperature minimization algorithms TA-b
and TA-bf were implemented in C++ and were executed on an In-
tel Pentium IV computer with clock speed of 1.5GHz. We tested
benchmarks taken from various sources: applications from Media-
Bench [19], Discrete element methods [20], and high-level synthe-
sis. (See the first column of Table 1.)

We extracted the dataflow graph for each benchmark, and sim-
ulated it to obtain the (averaged) switching activity for each pair
of operations using a trace of 1,000 input values. The functional
modules used were synthesized and optimized to logic netlist using
Synopsys Design Compiler at 0.18um technology. The extracted
capacitance value of each module and the switching activity on
the module were used to compute the switched capacitance, from
which we obtain the power trace.

We used HotSpot [6] to measure the temperature of modules. It
takes as inputs the floorplan of modules, power trace of each mod-
ule, and thermal model parameters. The thermal parameters are:
Ceonvection = 140.4J /K, Rconvection = 0.1K /W, Heat sink side =
6mm, Heat sink thickness = 6.9mm, Spreader side = 3mm, Spreader
thickness = 1mm, Chip thickness = 0.5mm, Sampling interval =
3.33us. We assume the ambient temperature is 313.15 Kelvin (40°C).

We used the software developed by Goldberg ([22]) to solve the
network flow formulations in TA-b and TA-bf as well as low-power
network flow formulation ([18]).

Table 1: Temperatures of the hottest modules for the de-
sign produced by conventional power-aware binding, thermal-
aware binding Seda and our TA-bf.

Benchmarks Peak temperature (°C)
(#module) Power [18] | Seda [16] | TA-bf | red. [18]/[16]
EWEF(Q2) 111.8 111.8 111.8 0.0/0.0
ADPCM_DEC(2) 141.3 141.3 141.3 0.0/0.0
MOTION_3D(3) 150.5 150.5 1444 5.9/5.9
MOTION_3D2(3) 167.6 147.3 141.3 26.3/6.0
FORCE-3D(3) 124.9 119.8 107.5 17.4/12.3
FORCE_3D2(3) 173.6 230.9 152.6 21.0/78.3
MPEG_CAL2(3) 104.6 90.0 102.5 2.1/-12.5
MPEG_CAL3(3) 108.2 104.8 100.6 7.6/4.2
average 10.1/11.8

Two conventional methods Power ([18]), Seda ([16]) and TA-b
are applied to the benchmarks and the results are summarized in Ta-
ble 1. The first column indicates the tested designs and the number
of functional modules allocated. Power is an optimal low-power
binding algorithm which minimizes the total switched capacitance
only. Seda is a thermal-aware binding algorithm, which minimizes
the peak switched capacitance only. The difference between Seda
and TA-b is that TA-b not only minimizes the peak switched ca-
pacitance but also minimizes the total switched capacitance. The
floorplan we used here is the ‘hotfloorplan’ given by HotSpot. The
floorplan is such that the temperature of each module is affected
by the heat diffusion from the adjacent modules as well as the
switched capacitance of the module itself. We see that for EWF
and ADPCM_DEC, the peak temperatures by Power, Seda and TA-
bf are the same. This is because the switched capacitances of the
two modules are almost the same, and thus the heat diffusion be-
tween two modules was sufficiently enough to let the temperatures
of modules to be identical. On the other hand, for FORCE_3D2,
Seda produces the worst result. This is due to the unawareness of
floorplan of modules in binding. One such case is that the module
with peak switched capacitance assigned by Seda is the one sur-



rounded by multiple modules, causing a high heat diffusion. How-
ever, TA-bf will avoid such worst case by minimizing the peak heat
diffusions. Overall, TA-bf uses 10.1°C and 11.8°C lower temper-
atures than that of Power and Seda, respectively. The comparison
of results indicates that thermal-aware binding should take into ac-
count the floorplan information, if exist, and the idea used in TA-bf,
which tries to minimize the peak heat diffusion, turns out to be ef-
fective.

S.  CONCLUSIONS

In this work, we solved the thermal-aware module binding prob-
lem in high-level synthesis, in which the design goal is to min-
imize the peak temperature of the chip. This work entailed two
contributions: (1) We formulated the problem into a problem of
repeated utilization of network flow method, where we designed
an optimization algorithm with the primary objective of minimiz-
ing the ‘peak’ switched capacitance and the secondary objective of
minimizing the ‘total’ switched capacitance; (2) When a floorplan
information was available, the switched capacitances to be reduced
were ‘selectively’ minimized to reflect the degree of heat diffusions
among the modules. From experiments with a set of benchmarks,
it was confirmed that our proposed method was able to use 10.1°C
and 11.8°C lower peak temperature on the average, compared to
that of the conventional methods, which have solved the secondary
objective only ([18]) and the primary objective only ([16]), respec-
tively.
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