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Abstract—It becomes increasingly critical for an intelligent
macro placer to be able to uncover a good dataflow for a large-
scale chip to reduce churns from manual trials and errors.
Existing macro placers or mixed-size placement engines that were
equipped with dataflow awareness mostly focused on extracting
intrinsic relations among macros only, ignoring the fact that
standard cell clusters play an essential role in determining the
location of macros. In this paper, we identify the necessity of
macro-cell connection awareness for high-quality macro place-
ment and propose a novel methodology to extract all “hidden”
relationships efficiently among macros and cell clusters. By
integrating the discovered connections as part of the placement
constraints, the proposed methodology achieves an average of
2.8% and 5.5% half perimeter wire length (HPWL) improvement
for considering one-hop macro-cell and two-hop macro-cell-
cell dataflow connections respectively, when compared against
a recently proposed dataflow-aware macro placer. A maximum
of 9.7% HPWL improvement has been achieved, incurring only
less than 1% runtime penalty. In addition, the congestion has
been improved significantly by the proposed method, yielding
an average of 62.9% and 73.4% overflow reduction for one-
hop and two-hop dataflow considerations. The proposed dataflow
connection extraction methodology has been demonstrated to
be a significant starting point for macro placement and can be
integrated into the existing design flows while delivering better
design quality.

Index Terms—Macro placement, Standard cells, Dataflow
awareness, QoR

I. INTRODUCTION

Macro placement is typically manual and heavily relies on
human experiences. Even experienced physical designers need
to go through multiple iterations to get the macros placed
“right” to some extent. It is challenging to fully automate the
macro placement since it is almost impossible to accurately
predict timing and other design information required by the
subsequent placement and routing (P&R) processes based
on very limited design and physical information. Though
Reinforcement Learning (RL) or Deep Learning (DL)-based
methods such as [1]–[4] have been proposed to offer benefits
of automating the macro placement actions, they incurred
legalization problems, huge computational, and the training
design dataset is not easy to access. In addition, some of these
techniques required a good starting point to work with [4].
Therefore, to achieve human-quality macro placement results,
other techniques are still of great importance.

Recently, automatic macro placers have integrated design
features to imitate the manual process, with dataflow being
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Fig. 1. Illustration of impact of standard cell clusters on macro placement
result. The left figure illustrates the placement result that does not take into
account the relationship between macros and cells. The right figure shows that
the location of macros can be optimized by taking macro cluster-cell cluster
relationships into consideration.

a prominent feature used by engineers to optimize macro
positioning. Dataflow defines the moving of data between
the macros and standard cells and influences the timing and
power consumption of the circuit. The importance of dataflow
awareness is reflected in massive efforts spent by physical
designers for flyline analysis and frequent interactions with
logic designers to understand detailed dataflow information.

Since the interactions between macros and other modules
are already available and ready to be analyzed from the
synthesized netlist, and the macro count is still much less
compared to standard cells in modern designs, thus extract-
ing the detailed dataflow connections that involve macros
is feasible computationally. This has inspired dataflow-aware
macro placers [5]–[10], where the dataflow is analyzed and
used as constraints for further placement of the macros. In
[5], optimized data path layout was generated by utilizing
rule information directly extracted from dataflow graphs. The
approach in [7] considered dataflow and utilized the corner
stitching data structure to address the problem of preplaced
macros, which cannot be handled by simulated annealing (SA).
A recently released macro placer, RTL-MP [8], considered
the macro-to-macro dataflow and proved that such dataflow is
helpful in getting a human-quality layout. An updated version
of this placer was presented in [10]. Recently, commercial
tool vendors also started to pay attention to dataflow analysis
and equip some of their tools with such capability [11]–
[13]. Therefore, the consideration of dataflow is critical for
achieving high-quality macro placement results. Moreover, by
minimizing the data movement, the placement of macros can
reduce the overall design cost, as it reduces the routing process
complexity and required interconnects number eventually.

Although the macro placers have been equipped with some
forms of dataflow analysis capability, they mainly expose and
utilize the virtual or direct connections among macros (i.e.
macro-macro connections) because standard cell placement
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always tends to happen after the macro placement. While
an important fact is that standard cells are usually placed
in clusters based on their hierarchy. If the cluster is large
enough, it can be modeled as a “macro”. Thus the placement
of standard cell clusters can in turn impact how macros
are placed. This is illustrated by Fig. 1, where the routing
resources can be optimized after moving the location of Macro
D by taking into consideration of macro-cell connections and
how data flows among these modules. A common practice in
current design process, physical designers use feedback from
frontend designers to create guides for standard cell clusters,
integral to floorplanning and constraining cell placement.

Inspired by these, we propose a novel methodology to com-
prehensively extract all direct and indirect dataflow connec-
tions among macro clusters and cell clusters, and use them as
an important guidance for macro placement. This methodology
can be used in large-scale macro-dominant designs where
engineers’ experiences are limited. The major contributions
are summarized as follows.

• The proposed methodology involves four different con-
nection relationships including cell connections and
placement in the macro placement process and defines
a new dataflow-aware optimization target.

• The proposed dataflow extraction methodology offers a
good starting point for any macro placers or mixed-
size placers such as [14]. It complements the existing
tools with newly discovered “hidden” connections that
are essential for the final quality of results (QoR).

• Across a diverse group of benchmarks, the pro-
posed work demonstrates an average of 2.8% and
5.5% in terms of HPWL improvement for discov-
ering one-hop macro-cell connections and two-hop
macro-cell-cell connections respectively, a maximum
of 9.7% HPWL improvement has been achieved among
all test cases. In addition, the congestion overflow has
been improved 62.9% and 73.4% on average for consid-
ering one-hop and two-hop connections. The overall run-
time penalty for extracting the full dataflow is only less
than 1% of total runtime of the entire macro placement.

• The proposed methodology is able to uncover optimal
macro placement results that otherwise violate engineer-
ing experiences such as push-boundary actions.

II. OVERVIEW OF THE METHODOLOGY

The overall macro placement methodology that incorporates
the proposed dataflow connection extraction is depicted in Fig.
2, where key steps explained below.

During clustering, the synthesized netlist is firstly fed into
a clustering engine, which is adapted from a recently proposed
hierarchical auto-clustering method in [8]. This engine con-
verts the structural netlist representation of the RTL design
into a clustered netlist. We split and merge clusters when
the number of macro or standard cells in it exceeds or is
less than a preset threshold. Bundled IO pins are modeled
as macro clusters in this process. The clustering also reduces
the search cost for later connection extraction steps. There are
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Fig. 2. The overall macro placement methodology. Light yellow rectangles
outline all the newly proposed features in dataflow extraction.
only macros or only standard cells in each cluster and we
define a cross-cluster connection as a one-hop.

With the generated macro or cell clusters, we explore the
dataflow connections extraction in three categories shown
in Fig. 2. The first category is among macro clusters, where
most prior work focused on the one-hop direct connections
between macros. We enhance this connection extraction and
also consider potential indirect connections between macro
clusters resulting from shared connections with the same
cell clusters. The second category of dataflow connections
is between macro clusters and cell clusters, where logical
connections and their strengths are extracted and stored.
The third category of connections is among cell clusters,
this type of connection was usually ignored or hidden in
previous macro placers, but it will still indirectly affect the
macro locations. The connections of macro cluster-cell

cluster and cell cluster-cell cluster will be com-
bined into macro cluster-cell cluster-cell cluster

dataflow guidance to further guide the macro placement.
In the proposed dataflow extraction method, the enhanced

dataflow awareness provides a full picture of data movement
in a design. With macro placement now highly dependent on
cell clusters, we conduct a global placement (GP) to position
the cell clusters initially. Macros are placed as the following
step by incorporating the extracted dataflow information into
a loss function. Then we leverage the Simulated Annealing
(SA) algorithm in [8], [15] to optimize the loss function
and represent the blocks in netlist by Sequence Pair [16].
Depending on the closeness to the converging point, the GP
and macro placement can be run iteratively.
III. PROPOSED ALL-CONNECTION EXTRACTION METHOD

The existing macro placers mainly consider the connections
among macros in the design. However, it is also crucial to
analyze the logical relationships of the macro cluster-cell

cluster and among the cell clusters. This section will
introduce the proposed connection extraction processes
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Fig. 3. One-hop direct dataflow connection of macro cluster-cell cluster. The
strength is given based on the bit width of the extracted connections.

including indirect macro cluster-macro cluster, macro
cluster-cell cluster, and macro cluster-cell

cluster-cell cluster connections.
A. One-Hop Direct Macro Cluster-Cell Cluster Dataflow

The dataflow from the netlist is converted into a
graph, where the prior work mostly modeled the macro

cluster-macro cluster connections as undirected. As can
be seen in Fig. 3, in addition to these undirected macro-
macro connections, we also take direction into consideration
when extracting the connections between macros and cells,
enabling more types of logical relationships. Though breadth-
first search (BFS) is used, we introduce pruning in the search
process and optimize the storing data process during graph
building and traversal. The strength of connections is defined
based on the data bit-width. To incorporate the impact of the
dataflow, a loss function is defined in Equation 1. This loss
function is utilized to guide the subsequent solution search
process, which is iterated to optimize the wirelenghth as the
final quality indicator. In Equation 1, WL is half perimeter
wire length (HPWL) and wx is a weight factor which is defined
by dataflow bit width between the clusters.

w0 = bit width(macro cluster1,macro cluster2)

w1 = bit width(macro cluster, cell cluster)

loss = w0 ∗WLmacro−macro + w1 ∗WLmacro−cell (1)
B. One-Hop Indirect Macro Cluster-Macro Cluster Dataflow

For certain designs, macro clusters may not have a direct
connection among themselves, but they may share connections
with the same cell clusters. Such “hidden” connection can indi-
cate indirect dataflow among macro clusters and further guide
the macro placement. This type of connection is challenging to
find due to the scale of the search and the complexity involved
in excluding common signals, such as clock and reset signals.
In the proposed method, we extract these virtual connections
in a hierarchical way. This has been illustrated in Fig. 4.

The first process is explained in line 2-12 of Algorithm
1. We first treat the cell cluster as the smallest unit. After
traversing all the clusters, we use the addconnection function
to establish virtual connections between macros that share
common connections to the same cell cluster (shown Fig. 4
left). Then we treat the single standard cell instance as the
smallest unit and look for their macro fanouts. If a single
cell drives multiple macros, we view these macros as being
virtually connected (Fig. 4 right). Line 14-21 in Algorithm
1 details the extraction of such connections. By far, we
have supplemented the relationship among macro clusters by
considering all direct and indirect connections between macro
clusters. We also define the new loss function for the indirect
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Fig. 4. Illustration of one-hop indirect dataflow connection from macro
cluster-macro cluster. The left figure treats the cell cluster as the smallest
unit, and the right figure treats the single cell instance as the smallest unit.

Algorithm 1 Indirect Macro Dataflow Connection Extraction
Algorithm
Require: .lef , .lib, .v, constraints
Ensure: two types of indirect macro connections
1: ▷ At cell cluster level (Fig. 4 left)
2: for each cell cluster (in cell-macro connection) do
3: vector : cell connected macro vec
4: num = cell connected macro vec.size
5: for i = 0 to num do
6: for j = i to num do
7: macro src = cell connected macro vec[i]
8: macro sink = cell connected macro vec[j]
9: addconnection (macro src,macro sink)

10: end for
11: end for
12: end for
13: ▷ At cell instance level (Fig. 4 right)
14: for each vertex in cell fanin map do
15: vector : same vertex macro vec
16: for each pin (in vertex pin list) do
17: id = find the macro id where pin located
18: if id is in a macro cluster then
19: same vertex macro vec.push back(id)
20: end if
21: end for ▷ Find macros connected to the same cell
22: total = same vertex macro vec.size
23: for i = 0 to total − 1 do
24: for j = i+1 to total do
25: macro src = same vertex macro vec[i]
26: macro sink = same vertex macro vec[j]
27: addconnection (macro src,macro sink)
28: end for
29: end for
30: end for
31: return indirect macro connections

macro cluster connection in Equation 3, where wi is defined
by the sum of dataflow bit width between two macro clusters
to cell cluster and WL represents the HPWL.

wi =bit width(macro cluster1, cell cluster)

+bit width(macro cluster2, cell cluster)
(2)

lossindirect macro = wi ∗WLindirect macro−macro (3)
C. Two-Hop Dataflow of Macro Cluster and Cell Cluster

The ultimate goal of this work is to establish dataflow of
macro cluster-cell cluster-cell cluster to further
analyze the impact of multi-hop dataflow connection. This
dataflow can be divided into two parts, which are macro

cluster-cell cluster connection that is already discussed
in Section III-A and cell cluster-cell cluster connec-
tions. We also consider the size of the cell clusters based on the
intuition that larger cell clusters usually have a greater impact
on the position of virtually connected macros. Therefore, we
use the product of constant k, bit width, area, and instance
number between the cell cluster which shown in Equation 4
to weight the connection between cell clusters.

wj = k ∗ bit width ∗ clusterarea ∗ clusternumber (4)

After extracting the relationship among cell clusters shown
in Algorithm 2, we convert them into two-hop connections
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Fig. 5. Illustration of newly established two-hop dataflow connection macro
cluster-cell cluster-cell cluster.

Algorithm 2 Macro Cluster-Cell Cluster-Cell Cluster Connec-
tion Extraction Algorithm (Fig. 5)
Require: .lef , .lib, .v, constraints
Ensure: connections of macro cluster-cell cluster-cell cluster
1: map : macro cell connect
2: for each connection do
3: if src is macro && sink is cell then ▷ First connect macro-cell
4: addconnection (macro src, cell sink)
5: macro cell connect[sink.id].first = 1
6: macro cell connect[sink.id].second = src id
7: end if
8: if src is cell && sink is cell then ▷ Then connect cell-cell
9: if macro cell connect[src id].first == 1 then

10: ▷ Checking whether this cell is connected to a macro
11: if src id != sink.first then
12: macro id = macro cell connect[src id].second
13: addconnection (macro id, cell sink)
14: addconnection (cell src, cell sink)
15: end if
16: end if
17: end if
18: end for
19: return macro cluster-cell cluster-cell cluster connections

between macro clusters and cell clusters as shown in Fig.
5. The conversion is based on weighting two-hop virtual
connections higher than the one-hop direct connection. In line
3-7, we first label the macro clusters that are directly connected
to the cell cluster. After the connection between cell clusters
is traversed, we return to see if there is a labeled macro
cluster. Once such a macro is found, a macro cluster-cell

cluster-cell cluster dataflow connection is established.
We use the design swerv_wrapper to show the impact of a
two-hop connection in Fig. 6. It shows that these green clusters
which have second-hop connections with macros occupy a
large area and will impact the macro positioning.

The final updated definition of the loss function is shown
in Equation 5,

loss = w0 ∗WLm−m + w1 ∗WLm−c + w2 ∗WLm−c−c (5)

where w0, w1 and w2 are defined in Equation 2, Equa-
tion 1 and Equation 4, and WLm−m refers to total HPWL
of macro cluster-macro cluster connections, WLm−c

means HPWL of macro cluster-cell cluster connec-
tions, WLm−c−c represents HPWL of the second-hop connec-
tion from macro cluster-cell cluster-cell cluster.

IV. EVALUATION RESULTS

A. Experiment Setup

The proposed method is implemented in C++ and the
database is compatible with what has been used in the latest
released OpenROAD [17], [18] flow. The flow runs on Intel
Core i7 11700 CPU with 128GB of memory allocated. The
netlist is obtained by running synthesis with Yosys [19]. We
conduct extensive experiments and select seven benchmark
designs from published literature or newly released test suites

one-hop connected cell cluster

two-hop connected cell cluster

Fig. 6. Comparison between one-hop connected cell cluster (only macro
cluster-cell cluster) and two-hop connected cell cluster (after considering
macro cluster-cell cluster-cell cluster) in an example design swerv_wrapper.

for macro placement evaluation [18], [20]. We test the designs
in NanGate45 [21] technology node. To measure the quality
of the macro placement, we use half-perimeter wire length
(HPWL) and congestion overflow as our main comparison
metrics. Clustering is done with the method introduced in Sec-
tion II, followed by the proposed extraction method to obtain
all the dataflow connections and define the loss function. We
leverage the existing Simulated Annealing (SA) method in [8]
to further optimize the loss function and open-source tools for
placement and routing (P&R).

The proposed method is compared against Triton Macro
Placer (TMP) [22], a default macro placer within OpenROAD,
and RTL-MP [8], a recently released dataflow-aware macro
placer. To quantify the impact of different dataflow connec-
tions, we first measure the impact of macro cluster-cell

cluster dataflow only and then the macro cluster-cell

cluster-cell cluster dataflow. The full comparison is
summarized in Table II, and the analysis will be detailed in
the following sections.
B. Weight Analysis

Automatic macro placers always use preset or tuned weights
and coefficients, which may be less portable across designs.
In contrast, to set the weights for loss function and SA model,
we incorporate the actual dataflow exchange bit width as part
of the weight. In the cell cluster-cell cluster model,
we consider the cluster size and convert it into weights. The
main optimization target in the macro placement stage is
wirelength with the consideration of other metrics such as area
and legalization. The weights of wirelength targets are set to
be larger than others. To make a fair comparison against other
macro placers such as TMP [22] and RTL-MP [8], we keep
the rest of weighting parameters the same.
C. Dataflow Connection Relationship Analysis

Table I lists the statistics of all benchmarks and the
number of unique dataflow connections extracted based on
the proposed method. Among them, TinyRocket is a tiny
design with only two macros and very few standard cells, but
the number of cell cluster-cell cluster connections is
large. Though the number of macros for bp_multi is closer
to black parrot, they exhibit very different dataflow be-
haviors. Specifically, bp_multi has significantly fewer macro
cluster-cell cluster, cell cluster-macro cluster,
and cell cluster-cell cluster connections compared
to black parrot. ariane133 represents the macro-heavy
design with only one unique type. However, the number of
unique connections in ariane133 is sometimes less than
other benchmarks. By conducting such analysis, the macro
placement can be tuned to be more design-specific. This is



TABLE I
BENCHMARK INFORMATION AND EXTRACTED DETAILED CONNECTIONS FOR EACH DESIGN

Design Name Std Cells
Count

Macros
Count

Macro
Type 1

# of
IOs

Total Cluster
Count

Macro Cluster-
Macro Cluster *

Macro Cluster-
Cell Cluster * 2

Cell Cluster-
Macro Cluster * 2

Cell Cluster-
Cell Cluster *

Macro Cluster-
Cell Cluster-Cell Cluster *

TinyRocket 27217 2 1 269 65 0 2 35 829 67
bp be 59882 10 3 3029 139 25 120 364 1815 251
bp fe 29993 11 3 2511 82 24 132 260 406 196
black parrot 427501 24 5 1198 763 2 565 1095 14649 3375
bp multi 209086 26 6 1453 432 2 351 828 4962 1427
swerv wrapper 99750 28 3 1416 518 0 232 741 15300 594
ariane133 165953 133 1 495 314 44 380 1947 9963 1708
* # of unique connections.
1 This includes macros with different sizes and functionalities.
2 Bi-directional connections. TABLE II

EXPERIMENTAL RESULTS

Design Name
TMP [17] RTL-MP [8] (baseline) Proposed Method

HPWL (m) Congestion
Overflow HPWL (m) Congestion

Overflow
Macro Cluster-Cell Cluster

HPWL (m)
HPWL

Improvement
Congestion
Overflow

Macro Cluster-Cell Cluster
-Cell Cluster HPWL (m)

HPWL
Improvement

Congestion
Overflow

TinyRocket 830.03 73 803.80 74 758.98 5.5% 26 752.80 6.3% 19
bp be 4151.71 66553 4445.60 40537 4218.92 5.1% 2224 4113.33 7.5% 454
bp fe 2772.04 3373 2789.94 4445 2664.61 4.5% 3165 2519.63 9.7% 3156
black parrot 12966.52 142 12930.57 981 12600.53 2.5% 272 11820.00 8.6% 130
bp multi 7496.04 2854 7252.76 3965 7235.15 0.2% 1328 7146.48 1.5% 1470
swerv wrapper 5199.62 3384 4745.86 2533 4718.80 0.5% 2299 4648.02 2.1% 887
ariane133 8775.61 3421 8857.12 23876 8737.35 1.3% 3842 8624.48 2.6% 3919

Avg. Improvement 0.9% ↓ 4.4% ↓ 0% 0% - 2.8% ↑ 62.9% ↑ - 5.5% ↑ 73.4% ↑

(a) Proposed, RTL-MP and TMP macro placement result

(b) Proposed, RTL-MP and TMP congestion map
Fig. 7. Layouts and congestion map of swerv_wrapper with different macro
placement flows. Use the same color to highlight the directly connected cell
instances and macros and one-hop connected cell clusters are colored green.

(a) RTL-MP (b) Proposed
Fig. 8. Layouts of black parrot with congestion map. The highlighted
green cells is from the one-hop connected cell cluster.

especially useful when a new design is implemented and no
prior experience has been provided yet.
D. HPWL Result Analysis

Table II summarizes HPWL results obtained by running
TMP, RTL-MP, and the proposed two different methods,
where the best data for each design has been highlighted
in bold and the improvement (in terms of %) over RTL-
MP (most of the time better than TMP) is listed along-
side. The results are separated into two categories, which
are denoted as macro cluster-cell cluster and macro

cluster-cell cluster-cell cluster. The first category
considers both direct and indirect macro cluster-macro

cluster connections and the one-hop macro cluster-cell

cluster connections. The second category considers two-
hop macro cluster-cell cluster-cell cluster con-
nections and all connections of the first one. Results demon-
strate that the proposed method outperforms RTL-MP for all
designs and leads to an average HPWL improvement of 2.8%

and 5.5% in two categories respectively. A maximum of 9.7%
HPWL improvement has been achieved for design bp_fe.
swerv_wrapper is a design that has a relatively large

number of macro and cell clusters. Take it as an example,
Table II shows that our approach achieves up to 2.1% better
HPWL result than the other two methods, as well as excellent
placement and congestion outcomes, as shown in Fig. 7(a) and
Fig. 7(b). Highlighted cells are those have direct or indirect
connections to macro clusters. It is clearly shown that our
proposed method is able to place these cells closer to their
associated macros. The extracted connections are able to guide
the placement of both types of instances. The resulting macro
placement is similar to manual efforts, where macros of the
same hierarchy are clustered for improved legalization—a task
not accomplished by the other two macro placers. Our method
also results in better utilization and leaves more empty areas
for further optimization.

Similar optimization has been achieved for black parrot,
which has more types of macros and more connections among
macro clusters and cell clusters compared to swerv_wrapper.
The placement results are shown in Fig. 8(a) and Fig. 8(b). It
is worth mentioning that the previous macro placer [8] failed
to identify the cell cluster connection with certain macros
closer to the pin access region and led to a longer wirelength.
This has been fixed in our dataflow connection extraction
method. Although blocking pin access seems contradictory to
engineering practices, our experiments show that it can be
beneficial in certain cases. This is also one area where our
method can potentially outperform human efforts by allowing
“non-conventional” guidance.
E. Congestion Overflow Result Analysis

By taking consideration of “hidden” connections, the con-
gestion situation has also been improved significantly. This
has been reflected in the reduced overflow in Table II. The
proposed method achieves an average of 62.9% and 73.4%
overflow reduction in two categories respectively. This is due
to the fact that the macros and their associated cell clusters
are placed closer, long and zigzag wires can be avoided. More
routing resources can thus be allocated.


