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動的再構成可能ストリーム処理エンジン
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専用ハードウェアとしての高い処理能力と柔軟性を併せ持つ
動的再構成可能プロセッサの一種

DR-SPE

瞬時にクエリプランを
切り替え可能

HWならではの並列処理
による高い処理性能

(DR-SPE)

4 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

Query
plan

Code
generator

HDL
code

Synthesis
&

Place/Route
DR-SPE

Tuple width
Op. width

static info.

Compiler

Dynamic
configuration

Config
data

HDL
template

Implementation

図 4 動的再構成可能ストリーム処理エンジン (DR-SPE) の生成フローとクエリの設定
Fig. 4 A flow of generating dynamic reconfigurable stream processing engine(DR-SPE) and

configuration of query plan for it
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図 5 動的再構成可能ストリーム処理エンジン (DR-SPE) の位置付け
Fig. 5 A position of dynamic streaming processing engine(DR-SPE)

• サイクルレベルでの処理と並列性の活用により高い演算性能を実現
• 内部モジュールの動作の処理内容を処理中に即時に変更可能
• 処理内容の部分的な追加や変更，ならびにパラメタを設定が可能
この特徴の為，図 5に示すように，汎用プロセッサ上のソフトウェアに比べてサイクルレ
ベルでの処理とデータ/パイプライン並列性による高い処理性能を達成すると共に，動的な
クエリの追加や変更という柔軟性を達成する．

DR-SPEは，クエリを構成するために必要な共通の演算構成要素で構成される．クエリ
コンパイラは，それらの構成要素を用いてクエリを実現するための構成情報を生成する．

FPGA上で所望の処理を実現するためには，処理を実現するための論理回路を生成し，そ
の回路を，FPGAを構成するルックアップテーブル (LUT)上に真理値表としてマッピング
しなければならない．一方で，DR-SPEの構成要素はデータ処理の機能レベルで定義され

ているため，FPGAを構成する LUTに比べて粒度が大きい．その為，構成情報を生成す
るための計算コストおよび構成情報のデータサイズが大幅に削減される．さらに，一般に
FPGA上の回路は，その全てを書き変える必要があるが，DR-SPE上のクエリを変更する
場合には，変更に関する特定の構成要素の設定のみを更新すればよい．これらの，構成情
報のサイズが小さいこと及び部分的な再構成が可能であることによって，Streams on Wire

に比べ，DR-SPEに対する構成情報の生成に関する時間および，構成情報を設定するため
の時間は短縮される．

3.1 DR-SPEの設計課題
動的再構成可能なプロセッサの設計課題は，再構成ハードウェア機構により増加するハー
ドウェアリソース量の抑制，同機構により増加する信号遅延の抑制，および再構成時間の最
小化，の 3点がある．これらについて下記に述べる．
第一に，再構成ハードウェア機構により増加するハードウェアリソース量の抑制問題につ
いて述べる．仮にすべての要素が積算や除算などの複雑な (処理速度向上のために複数サイ
クルに分割して実行されるべき) 演算を実現できるように設計すると，比較演算である ==

や >など単一サイクルで実行可能な単純な演算を行う場合のハードウェアリソースに対す
る使用率が低下し，無駄が大きくなる．また，サイクルの異なる処理のパス間でデータを同
期するために，処理と同じだけの任意のサイクル数の遅延を挿入する必要があり，そのため
のハードウェアリソース量増加のオーバヘッドも無視できない．
第二に，再構成ハードウェア機構により増加する信号遅延の抑制問題について述べる．こ
れはデータ授受にかかる配線の自由度の問題とも言える．クエリから HDLコードを生成す
る場合には，所望の回路間を自由に接続することができ，また，処理過程で生じる中間結
果を受け渡すための信号を簡単に追加できる．一方，ハードウェアにおいては配線は静的に
決定されており，自由な接続相手の選択や，データバス幅の変更はできない．動的に選択可
能な接続相手の候補を増やすためには，大きなマルチプレクサが必要になり，信号遅延が増
加する．従って，増加する信号遅延を抑制しながら，接続関係を柔軟に選択できるプロセッ
サアーキテクチャ設計が必要である．また，回路合成後 (動的再構成段階)において任意の
信号を追加するには，配線そのものを回路として実装する必要がある．これは信号遅延およ
びハードウェアリソース量を鑑みれば，実現不可能であると考えられる．
第三に，再構成時間の最小化について述べる．選択可能なパラメタが多い場合には設定に
必要な情報量は多くなり，転送時間と設定時間が増加する．不要なパラメタや選択肢，命令
を削減することで，再構成に必要な情報量を小さくし，再構成にかかる時間を短くすること

情報処理学会論文誌 Vol. 0 1–15 (??? 1959) c© 1959 Information Society of Japan
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概要

専用ハードウェアによる高速なストリーム処理 　
と動的クエリ最適化可能な柔軟性を有する　　　
動的再構成可能ストリーム処理エンジンの　　　
プロセッサアーキテクチャを設計

HWリソース量/動作周波数および再構成に必要
な時間を評価
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(データ)ストリーム

時事刻々と変化するデータ

東京証券取引所　2ms

ルータ 300Tbps

産業用ロボット(モータ制御) 1ms

監視カメラ 30fps * 台数
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ストリーム処理
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データストリーム： 進展する高速化（322 Tbps, Ring of Steel）
アプリケーション： 高度な解析*を要求（異常検知，行動解析）

解析には Programming が必要

汎用言語(C++/Java) 専用言語(SQL (+UDF))

利点：高い記述能力
欠点：最適化が困難

利点：最適化が容易
欠点：低い記述能力
Stream Processing Engine

*解析のみならず，信憑性なども要求される可能性有
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データストリーム処理の方法

ストリーミングデータベース処理
データストリーミングをデータベースのように扱う

取引No. 取引者名 株式名 取引株数 取引金額

1 A XXX 20 2000
2 B YYY 39 1498
3 A XXX 54 2030
4 C XXX 23 2020
・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

任意の行数で区切る
(ROWS)

ストリーム処理エンジン

9

Users/Apps.

SPE

w σ αInput
adapter

Output
adapterdata result

Query

連続的問合せは演算木に変換
データ到着毎に問合せ結果が出力
RDBと類似した演算子
– w(Window)：　　  窓演算（1分間だけ）
– σ (Selection)：　 選択演算（一部タプルを抜粋）
– α (Aggregation)： 集約演算（数え上げ）
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データストリーム処理の方法

ストリーミングデータベース処理
データストリーミングをデータベースのように扱う

取引No. 取引者名 株式名 取引株数 取引金額

1 A XXX 20 2000
2 B YYY 39 1498
3 A XXX 54 2030
4 C XXX 23 2020
・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

・ ・ ・ ・ ・

任意の行数で区切る
(ROWS)

SPE

w σ αInput
adapter

Output
adapter

ストリーム処理エンジン
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Users/Apps.

data result

Query

連続的問合せは演算木に変換
データ到着毎に問合せ結果が出力
RDBと類似した演算子
– w(Window)：　　  窓演算（1分間だけ）
– σ (Selection)：　 選択演算（一部タプルを抜粋）
– α (Aggregation)： 集約演算（数え上げ）

専用ハー
ドウェア

化による

高速化の
実現
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SPE

w σ αInput
adapter

Output
adapter

Streams on Wires[1][2]

12

Users/Apps.

Data Result

Query

連続的問合せは演算木に変換
データ到着毎に問合せ結果が出力
RDBと類似した演算子
– w(Window)：　　  窓演算（1分間だけ）
– σ (Selection)：　 選択演算（一部タプルを抜粋）
– α (Aggregation)： 集約演算（数え上げ）

FPGAを用いたストリーム処理エンジンの実現

14 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

制御器を用いることで DR-SPEを構成できることを示した．
DR-SPE は，FPGA 上に静的にストリーミング処理エンジンを構成する Streams on

Wires で定義されたストリームデータ処理用の演算子と同じ動作をする回路を構成でき
た．XC6VLX240T-1を用いて，提案アーキテクチャを合成，配置配線して評価した結果，
Streams on Wiresと同程度のスループットを実現した．DR-SPEの再構成時間は再構成の
経路の通信速度が 1Mbpsと低速であっても 85µ秒であり，再構成は十分高速に実現できる．
今後の課題は次の通りである．第一の課題は，提案アーキテクチャによる，対象アプリ
ケーションに対する性能を評価する事である．第二の課題は，入力データに適応して，実行
時にクエリを変更する動的クエリ最適化の評価を行う事である．第三の課題は，コンパイル
時間の短縮と生成されるコードの質を高めるために，コンパイルアルゴリズムの最適化技法
を開発することである．第四の課題はミドルウェアとしての要件を満足させることである．
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FPGA:
自由に処理内容を設計可能な
デバイス
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FPGAとは？

論理回路・データパスを自由に作り込める

クロックレベルの同期と細粒度並列性の活用

13

Field Programmable Gate Array

73Feb. 2011 KEYWORD Bluespec Sytem Verilog，高位合成言語

HDLがドレスを着たお姫さまだとすると，コンパイル時
にエラーをしっかり検出してくれるが故にコンパイルを通
すのが困難な反面，コンパイルさえ通れば合成した回路が
きちんと動作してくれるBluespecはパワフルなツンデレ
娘と筆者はイメージしています（図2）．

　Verilog HDLやVHDLを使った設計で，
― あぁ～，数字って32ビットだった．うっかりキャスト
されていたよ…

― テスト・ベンチのステート・マシンを書くのが面倒だな．
― モジュールのインスタンシーエーションで入出力ピン
をつなぎ忘れていた

という思いをしたことはありませんか？
　単純な記述の羅列や細かいミスへの注力が続くと，本来
力を入れるべき，アーキテクチャの設計まで億

おっくう

劫になって
しまいます．また，「コンパイル（論理合成）は通るのに，
シミュレーションやFPGA上で動作させると，何かおか
しい」という事態に頭を悩ませ，原因はうっかりミスだっ
たということも一度や二度ではないと思います．
　記述の手間がもっと省けて，コンパイル時に強力にエ
ラー・チェックしてくれるHDL言語ないかなあ…という
要求に応えてくれるのがBluespec System Verilogです
（図1）．VHDLがまじめなキャリア・ウーマン，Verilog 

...
a<={data, 10};
...

  ;
case 100;
  next<=101;
case 101;
  if .... then
    next<=105;
  else
    nex<= 102;
      .      .      .

FPGA

実機合成・
配置配線

ステート・マシン

BSVなら“型チェック”でコンパイル・エラー BSVのStmt FSMで簡単に書けるよ♪

うまく
動かないよー

たくさん書くの
疲れるよー

◀図1　
Bluespec System Verilog（BSV）で安全，
らくらくハードウェア開発

▲ 図2　Bluespec System Verilogは ツ
ンデレ娘
きっちりしていてキャリアも長いVHDL，あいま
いさが許容されるのがVerilog HDL，コンパイル
時にしっかりエラーを検出し，その後，素直に動
くのがBluespec System Verilog．

新世代のESL合成ソリューション 
Bluespec System Verilogのすすめ

高位設計言語で複雑な回路もらくらく設計

　本章では，高位設計言語であるBluespec System Verilogを紹介する．こ
の言語では，コンパイル時にしっかりエラー検出ができ，また，さまざまなライブ
ラリも提供している．FPGAやASICが大規模化し複雑な回路を設計する機会が
増えてきた今，知っておくべき技術だろう． （編集部） 三好 健文

第3章

出典: CQ出版　Interface 2011年2月号より
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Streams on Wires

14

3 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

表 2 Streams on Wires1) において定義される演算要素である Algebra(文献 1) より引用)

Table 2 Algebra defined in Streams on Wires1)(from 1)) as operation elements

2. STREAMS IN SOFTWARE

2.1 Motivating Application

Our running example is based on an ongoing collabora-

tion with a Swiss bank. Their financial trading application

receives data from a set of streams with up-to-date market

information from different stock exchanges. The information

is sent via UDP broadcast messages and in small packages

(to reduce latency). The main challenge is the data rate at

which messages arrive. By the end of next year, this rate is

going to approach 3 million messages per second [15].

Traditional techniques such as load shedding [17] cannot

be applied in trading applications because of potential fi-

nancial loss. This is particularly true in peak situations,

which typically indicate a turbulent market situation. At

the same time, latency is critical and measured in units of

microseconds (µs).

To abstract from the real application, we assume an input

stream that contains a reduced set of information about each

trade handled by Eurex (the actual streams are implemented

as a compressed representation of the feature-rich FIX pro-

tocol [4]). Expressed in the syntax of StreamBase [16], the

schema of our data would read:

CREATE INPUT STREAM Trades (
Seqnr int, -- sequence number
Symbol string(4), -- valor symbol
Price int, -- stock price
Volume int) -- trade volume

To keep matters simple, we look at queries that process

a single data stream only. In particular, we disallow the

use of joins. To facilitate the allocation of resources on the

FPGA, we restrict ourselves to queries with a predictable

space requirement. We do allow aggregation queries and

windowing; in fact, we particularly look at such functionality

in the second half of Section 4.

These restrictions can be lifted with techniques that are

no different to those applied in software-based systems. The

necessary FPGA circuitry, however, would introduce addi-

tional complexity and only distract from the FPGA-inherent

considerations that are the main focus of this work.

2.2 Example Queries

Our first set of example queries is designed to illustrate

a hardware-based implementation for the most basic oper-

ators in stream processing. Queries Q1 and Q2 use simple

projections as well as selections and compound predicates:

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN"
INTO UBSTrades

(Q1)

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN" AND Volume > 100000
INTO LargeUBSTrades

(Q2)

Financial analytics often depend on statistical information

from the data stream. Using sliding-window and grouping

functionality, Query Q3 counts the number of trades of UBS

shares over the last 10 minutes (600 seconds) and returns

the aggregate every minute. In Query Q4, we assume the

presence of an aggregation function wsum that computes the

weighted sum over the prices seen in the last four trades

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,

agg ∈ {avg, count, max, min, sum}
q1 grpx|c q2(x) group output of q1 by field c, then

invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;

t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join

Table 1: Supported streaming algebra (a, b, c: field
names; q, qi: sub-plans; x: parameterized sub-plan
input).

of UBS stocks (similar functionality is used, e.g., to im-

plement finite-impulse response filters). Finally, Query Q5

determines the average trade prices for each stock symbol

over the last ten-minutes window:

SELECT count () AS Number
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

WHERE Symbol = "UBSN"
INTO NumUBSTrades

(Q3)

SELECT wsum (Price, [ .5, .25, .125, .125 ]) AS Wprice
FROM (SELECT * FROM Trades

WHERE Symbol = "UBSN")
[ SIZE 4 ADVANCE 1 TUPLES ]

INTO WeightedUBSTrades

(Q4)

SELECT Symbol, avg (Price) AS AvgPrice
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

GROUP BY Symbol
INTO PriceAverages

(Q5)

We use these five queries in the following to demonstrate

various features as well as the compositionality of the Glacier
compiler.

2.3 Algebraic Plans

Input to our compiler is a query representation in an alge-

bra for streaming queries. Our compiler currently supports

the algebra dialect listed in Table 1, whereby operators may

be composed in an arbitrary fashion.

Our algebra uses an “assembly-style” representation that

breaks down selection, arithmetics, and predicate evaluation

into separate algebra operators. In earlier work, we found a

similar representation also suited to express, e.g., the seman-

tics of XQuery [11]. In the context of the current work, the

notation turns out to have nice correspondences to the data

flow in a hardware circuit and helps detecting opportunities

for parallel evaluation.

Figure 1 illustrates how our streaming algebra can be used

to express the semantics of Queries Q1 through Q5. Observe

how in Figure 1(a), e.g., operator =○ makes the comparison

of each input tuple with the requested stock symbol “UBSN”

explicit. Its output, the new column a, is used afterwards

to filter out non-qualifying tuples (operator σa).

The concatenate operator represents what could be

called a “join by position”. Tuples from both input streams

are combined into a wide result tuple in the order in which

の実行順序を状況に応じて動的に変更することで，処理性能を向上する技術である．タプ
ル到着に伴って，結合率や選択率を高速に推定し，それに従って演算子実行順序を入れ替え
ることで，大幅な性能改善を達成できる可能性がある．ただし，演算子実行順序の入れ替
え処理には高速性が求められる．例えばミリ秒単位で変動する証券取引所のデータを対象
とすれば，入れ替え処理は遅くとも 1ミリ秒以下である必要がある．前述の既存研究1)3)4)

ではこの実現が困難である．その詳細は次節で述べる．そこで本研究ではこの高速入れ替え
処理の実現に挑む．

3. 動的再構成可能ストリーム処理エンジン
ストリームデータ処理を専用ハードウェア化すれば，サイクルレベルでの処理と並列処
理により，処理性能を向上できる．Streams on Wires1) では，FPGAを用いてストリーム
データ処理を行う手法を提案している．FPGAは，回路を構成する構成情報によって，実
行前にその処理内容を変更できる再構成可能なハードウェアデバイスである． Streams on

Wiresでは所望の FPGA上にストリーム処理エンジンを構築するためのビルディングブロッ
クとして表 2に示す Algebraと表記される演算要素を定義している．各 Algebraは図 2に
示すように，出力にレジスタを持つ回路ユニットとして統一したインターフェイスの下で定
義されている．そのため，クエリを構成するために必要となる Algebraを自由に組み合わ
せることができる．構成された FPGA上の回路はパイプライン並列性によって高い処理性
能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成フローを示す． Streams on Wires
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tem main memory, then informs the host CPU about the
arrival of new data (e.g., by raising an interrupt).

Alternatively, the FPGA can also be used in a traditional
co-processor setup, as illustrated in Figure 2 (b). Here, the
CPU hands over data to the FPGA either by writing directly
into FPGA registers (so-called slave registers) or it prepares
the input data into a shared RAM region, then sends a work
request to the FPGA-based co-processor.

The architecture in Figure 2 (a) fits a pattern that is
highly common in data stream applications. Oftentimes,
rate-reducing filtering or aggregation stages precede more
complex high-level processing (done on the CPU). Even sim-
ple filter stages, fully supported by the algebra dialect we
discuss in this paper, suffice to significantly reduce the load
on the back-end CPU. In algorithmic trading, for instance,
they discard about 90% of all input data. Only the re-
maining 10 % of the data actually hit the CPU, which sig-
nificantly increases the applied load that the system can
sustain.

3.3 Query Compilation

Figure 3 illustrates the compilation process from algebraic
plans to FPGA circuits. The input to the Glacier compiler
are algebraic plans of the kind introduced in Section 2.3.
The compiler applies compilation rules (Section 4) and op-
timization heuristics (Section 6), then emits the description
of a logic circuit that implements the input plan.

The generated circuits are expressed in VHDL hardware
description language. The VHDL code is fed to the Xilinx
synthesizer tool which creates the actual low-level, FPGA-
specific representation of the circuit (configuration of the
LUTs and the interconnect network). The output of the
synthesizer is then used to program the FPGA. In Figure 3,
the compilation of VHDL code into an FPGA configuration
follows the usual design flow in traditional FPGAs design.
Using Glacier, the creation of VHDL code can be fully au-
tomated.

4. FROM QUERIES TO CIRCUITS

Using pre-built components from the Glacier library, each
operator in Table 1 can be compiled into a hardware circuit
in a systematic way. To ensure the full compositionality of
the translation rules later in this section, every translated
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Xilinx

circuit
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Figure 3: Compilation of abstract query plans into
hardware circuits for the FPGA.

sub-plan adheres to the same well-defined wiring interface.

4.1 Wiring Interface

As in data streaming engines, our processing model is en-
tirely push-based. Each n-bit-wide tuple is represented as
a set of n parallel wires in the FPGA fabric. On a set of
wires, a new tuple can be propagated in every cycle of the
FPGA’s system clock (i.e., 100 million tuples per second).
An additional data valid line signals the presence of a tuple
in a given clock cycle. Tuples are only considered to be part
of the data stream if their data valid flag is set to true, i.e.,
if the data valid line carries an electrical “high” signal.

In the following, we use rectangles to represent logic com-
ponents (with the exception of multiplexers, for which we
use the common trapezoid notation). Our circuits are all
clock-driven or synchronized and every operator in our li-
brary writes its output into a flip-flop register after pro-
cessing. We indicate registers as gray-shaded boxes and

q

make the data valid flag explicit as
each operator’s leftmost output. For
instance, we depict the black-box
view of a hardware implementation
for a query q as shown on the right.

We use arrows to denote the wiring between hardware
components. Wherever appropriate, we identify those lines
from a tuple bus that correspond to a specific tuple field
with a label at the respective input/output port. The label
‘∗’ stands for “all remaining fields”. We do not represent
the order of fields within a tuple. The hardware plan for the
algebra expression σa(q) can thus be illustrated as

q

&
a ∗

.

In this circuit, the logical ‘and’ gate invalidates the output
tuple whenever field a contains false.

4.1.1 Circuit Characteristics
The above circuit will compute its output in a single clock

cycle and will be ready to consume a new input tuple at
every tick of the clock. We say that its latency and issue
rate are both 1. In general, circuits may need more than one
cycle until the result of their computation can be picked up
at the operator output—they have a latency that is larger
than 1. Due to their semantics, circuits that implement
grouping or windowing cannot produce output before they
have seen the last tuple of the respective query window.
For these operators, we define latency to be the number of
clock cycles between the closing of the input window and
the generation of the first output tuple.

We define the issue rate as the number of tuples that can
be processed per clock cycle. The issue rate is always ≤ 1.

図 2 ビルディングブロックとしての Algebra 回路 (文献 1) より引用)
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では，クエリをコンパイラ (Glacier)によってコンパイルし，必要となる Algebraのインス
タンシエーションおよび Algebra 間の配線を定義する HDL コードを生成する．生成され
た HDLコードを，既存の FPGA開発ツールによって合成，配置配線することで，対象と
する FPGA上の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，FPGA開発環境が必要であるし，しか
も合成と配置配線に数分の時間がかかる．一方，新規クエリの登録や，流れてくるデータに
応じて演算子の順序を入れ替える動的クエリ最適化には遅くともミリ秒単位での実行が求
められる．従って，この方式を用いた短時間での新しいクエリの登録や動的問い合わせ最適
化の処理の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わずにクエリの変更や追加，最適化が
できる動的再構成可能ストリーム処理エンジン (DR-SPE)を提案する．DR-SPE上でクエ
リを実行するまでのフローを図 4に示す．図 4のフローでは，FPGA上に直接クエリを構
成する図 3のフローと違い，再構成可能なアーキテクチャとして設計された DR-SPEの設
定を動的に書き換えるパス “dynamic configuration” により，クエリを実現する．図 4 の
フローでは，まず，対象とするアプリケーションに応じて，タプル幅や演算幅などの設定情
報によりカスタマイズした DR-SPEの HDLコードを生成する．この HDLコードは合成，
配置配線され，ハードウェア回路として得られる．この時点では，特定のクエリが設定され
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3 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

表 2 Streams on Wires1) において定義される演算要素である Algebra(文献 1) より引用)

Table 2 Algebra defined in Streams on Wires1)(from 1)) as operation elements

2. STREAMS IN SOFTWARE

2.1 Motivating Application

Our running example is based on an ongoing collabora-

tion with a Swiss bank. Their financial trading application

receives data from a set of streams with up-to-date market

information from different stock exchanges. The information

is sent via UDP broadcast messages and in small packages

(to reduce latency). The main challenge is the data rate at

which messages arrive. By the end of next year, this rate is

going to approach 3 million messages per second [15].

Traditional techniques such as load shedding [17] cannot

be applied in trading applications because of potential fi-

nancial loss. This is particularly true in peak situations,

which typically indicate a turbulent market situation. At

the same time, latency is critical and measured in units of

microseconds (µs).

To abstract from the real application, we assume an input

stream that contains a reduced set of information about each

trade handled by Eurex (the actual streams are implemented

as a compressed representation of the feature-rich FIX pro-

tocol [4]). Expressed in the syntax of StreamBase [16], the

schema of our data would read:

CREATE INPUT STREAM Trades (
Seqnr int, -- sequence number
Symbol string(4), -- valor symbol
Price int, -- stock price
Volume int) -- trade volume

To keep matters simple, we look at queries that process

a single data stream only. In particular, we disallow the

use of joins. To facilitate the allocation of resources on the

FPGA, we restrict ourselves to queries with a predictable

space requirement. We do allow aggregation queries and

windowing; in fact, we particularly look at such functionality

in the second half of Section 4.

These restrictions can be lifted with techniques that are

no different to those applied in software-based systems. The

necessary FPGA circuitry, however, would introduce addi-

tional complexity and only distract from the FPGA-inherent

considerations that are the main focus of this work.

2.2 Example Queries

Our first set of example queries is designed to illustrate

a hardware-based implementation for the most basic oper-

ators in stream processing. Queries Q1 and Q2 use simple

projections as well as selections and compound predicates:

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN"
INTO UBSTrades

(Q1)

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN" AND Volume > 100000
INTO LargeUBSTrades

(Q2)

Financial analytics often depend on statistical information

from the data stream. Using sliding-window and grouping

functionality, Query Q3 counts the number of trades of UBS

shares over the last 10 minutes (600 seconds) and returns

the aggregate every minute. In Query Q4, we assume the

presence of an aggregation function wsum that computes the

weighted sum over the prices seen in the last four trades

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,

agg ∈ {avg, count, max, min, sum}
q1 grpx|c q2(x) group output of q1 by field c, then

invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;

t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join

Table 1: Supported streaming algebra (a, b, c: field
names; q, qi: sub-plans; x: parameterized sub-plan
input).

of UBS stocks (similar functionality is used, e.g., to im-

plement finite-impulse response filters). Finally, Query Q5

determines the average trade prices for each stock symbol

over the last ten-minutes window:

SELECT count () AS Number
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

WHERE Symbol = "UBSN"
INTO NumUBSTrades

(Q3)

SELECT wsum (Price, [ .5, .25, .125, .125 ]) AS Wprice
FROM (SELECT * FROM Trades

WHERE Symbol = "UBSN")
[ SIZE 4 ADVANCE 1 TUPLES ]

INTO WeightedUBSTrades

(Q4)

SELECT Symbol, avg (Price) AS AvgPrice
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

GROUP BY Symbol
INTO PriceAverages

(Q5)

We use these five queries in the following to demonstrate

various features as well as the compositionality of the Glacier
compiler.

2.3 Algebraic Plans

Input to our compiler is a query representation in an alge-

bra for streaming queries. Our compiler currently supports

the algebra dialect listed in Table 1, whereby operators may

be composed in an arbitrary fashion.

Our algebra uses an “assembly-style” representation that

breaks down selection, arithmetics, and predicate evaluation

into separate algebra operators. In earlier work, we found a

similar representation also suited to express, e.g., the seman-

tics of XQuery [11]. In the context of the current work, the

notation turns out to have nice correspondences to the data

flow in a hardware circuit and helps detecting opportunities

for parallel evaluation.

Figure 1 illustrates how our streaming algebra can be used

to express the semantics of Queries Q1 through Q5. Observe

how in Figure 1(a), e.g., operator =○ makes the comparison

of each input tuple with the requested stock symbol “UBSN”

explicit. Its output, the new column a, is used afterwards

to filter out non-qualifying tuples (operator σa).

The concatenate operator represents what could be

called a “join by position”. Tuples from both input streams

are combined into a wide result tuple in the order in which

の実行順序を状況に応じて動的に変更することで，処理性能を向上する技術である．タプ
ル到着に伴って，結合率や選択率を高速に推定し，それに従って演算子実行順序を入れ替え
ることで，大幅な性能改善を達成できる可能性がある．ただし，演算子実行順序の入れ替
え処理には高速性が求められる．例えばミリ秒単位で変動する証券取引所のデータを対象
とすれば，入れ替え処理は遅くとも 1ミリ秒以下である必要がある．前述の既存研究1)3)4)

ではこの実現が困難である．その詳細は次節で述べる．そこで本研究ではこの高速入れ替え
処理の実現に挑む．

3. 動的再構成可能ストリーム処理エンジン
ストリームデータ処理を専用ハードウェア化すれば，サイクルレベルでの処理と並列処
理により，処理性能を向上できる．Streams on Wires1) では，FPGAを用いてストリーム
データ処理を行う手法を提案している．FPGAは，回路を構成する構成情報によって，実
行前にその処理内容を変更できる再構成可能なハードウェアデバイスである． Streams on

Wiresでは所望の FPGA上にストリーム処理エンジンを構築するためのビルディングブロッ
クとして表 2に示す Algebraと表記される演算要素を定義している．各 Algebraは図 2に
示すように，出力にレジスタを持つ回路ユニットとして統一したインターフェイスの下で定
義されている．そのため，クエリを構成するために必要となる Algebraを自由に組み合わ
せることができる．構成された FPGA上の回路はパイプライン並列性によって高い処理性
能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成フローを示す． Streams on Wires
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Figure 2: System Architectures: (a) Stream engine
between network interface and CPU. (b) Stream
engine as a coprocessor to the CPU.

tem main memory, then informs the host CPU about the
arrival of new data (e.g., by raising an interrupt).

Alternatively, the FPGA can also be used in a traditional
co-processor setup, as illustrated in Figure 2 (b). Here, the
CPU hands over data to the FPGA either by writing directly
into FPGA registers (so-called slave registers) or it prepares
the input data into a shared RAM region, then sends a work
request to the FPGA-based co-processor.

The architecture in Figure 2 (a) fits a pattern that is
highly common in data stream applications. Oftentimes,
rate-reducing filtering or aggregation stages precede more
complex high-level processing (done on the CPU). Even sim-
ple filter stages, fully supported by the algebra dialect we
discuss in this paper, suffice to significantly reduce the load
on the back-end CPU. In algorithmic trading, for instance,
they discard about 90% of all input data. Only the re-
maining 10 % of the data actually hit the CPU, which sig-
nificantly increases the applied load that the system can
sustain.

3.3 Query Compilation

Figure 3 illustrates the compilation process from algebraic
plans to FPGA circuits. The input to the Glacier compiler
are algebraic plans of the kind introduced in Section 2.3.
The compiler applies compilation rules (Section 4) and op-
timization heuristics (Section 6), then emits the description
of a logic circuit that implements the input plan.

The generated circuits are expressed in VHDL hardware
description language. The VHDL code is fed to the Xilinx
synthesizer tool which creates the actual low-level, FPGA-
specific representation of the circuit (configuration of the
LUTs and the interconnect network). The output of the
synthesizer is then used to program the FPGA. In Figure 3,
the compilation of VHDL code into an FPGA configuration
follows the usual design flow in traditional FPGAs design.
Using Glacier, the creation of VHDL code can be fully au-
tomated.

4. FROM QUERIES TO CIRCUITS

Using pre-built components from the Glacier library, each
operator in Table 1 can be compiled into a hardware circuit
in a systematic way. To ensure the full compositionality of
the translation rules later in this section, every translated
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Figure 3: Compilation of abstract query plans into
hardware circuits for the FPGA.

sub-plan adheres to the same well-defined wiring interface.

4.1 Wiring Interface

As in data streaming engines, our processing model is en-
tirely push-based. Each n-bit-wide tuple is represented as
a set of n parallel wires in the FPGA fabric. On a set of
wires, a new tuple can be propagated in every cycle of the
FPGA’s system clock (i.e., 100 million tuples per second).
An additional data valid line signals the presence of a tuple
in a given clock cycle. Tuples are only considered to be part
of the data stream if their data valid flag is set to true, i.e.,
if the data valid line carries an electrical “high” signal.

In the following, we use rectangles to represent logic com-
ponents (with the exception of multiplexers, for which we
use the common trapezoid notation). Our circuits are all
clock-driven or synchronized and every operator in our li-
brary writes its output into a flip-flop register after pro-
cessing. We indicate registers as gray-shaded boxes and

q

make the data valid flag explicit as
each operator’s leftmost output. For
instance, we depict the black-box
view of a hardware implementation
for a query q as shown on the right.

We use arrows to denote the wiring between hardware
components. Wherever appropriate, we identify those lines
from a tuple bus that correspond to a specific tuple field
with a label at the respective input/output port. The label
‘∗’ stands for “all remaining fields”. We do not represent
the order of fields within a tuple. The hardware plan for the
algebra expression σa(q) can thus be illustrated as

q

&
a ∗

.

In this circuit, the logical ‘and’ gate invalidates the output
tuple whenever field a contains false.

4.1.1 Circuit Characteristics
The above circuit will compute its output in a single clock

cycle and will be ready to consume a new input tuple at
every tick of the clock. We say that its latency and issue
rate are both 1. In general, circuits may need more than one
cycle until the result of their computation can be picked up
at the operator output—they have a latency that is larger
than 1. Due to their semantics, circuits that implement
grouping or windowing cannot produce output before they
have seen the last tuple of the respective query window.
For these operators, we define latency to be the number of
clock cycles between the closing of the input window and
the generation of the first output tuple.

We define the issue rate as the number of tuples that can
be processed per clock cycle. The issue rate is always ≤ 1.
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では，クエリをコンパイラ (Glacier)によってコンパイルし，必要となる Algebraのインス
タンシエーションおよび Algebra 間の配線を定義する HDL コードを生成する．生成され
た HDLコードを，既存の FPGA開発ツールによって合成，配置配線することで，対象と
する FPGA上の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，FPGA開発環境が必要であるし，しか
も合成と配置配線に数分の時間がかかる．一方，新規クエリの登録や，流れてくるデータに
応じて演算子の順序を入れ替える動的クエリ最適化には遅くともミリ秒単位での実行が求
められる．従って，この方式を用いた短時間での新しいクエリの登録や動的問い合わせ最適
化の処理の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わずにクエリの変更や追加，最適化が
できる動的再構成可能ストリーム処理エンジン (DR-SPE)を提案する．DR-SPE上でクエ
リを実行するまでのフローを図 4に示す．図 4のフローでは，FPGA上に直接クエリを構
成する図 3のフローと違い，再構成可能なアーキテクチャとして設計された DR-SPEの設
定を動的に書き換えるパス “dynamic configuration” により，クエリを実現する．図 4 の
フローでは，まず，対象とするアプリケーションに応じて，タプル幅や演算幅などの設定情
報によりカスタマイズした DR-SPEの HDLコードを生成する．この HDLコードは合成，
配置配線され，ハードウェア回路として得られる．この時点では，特定のクエリが設定され
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Algebra = ビルディングブロック
FPGA開発環境を利用したクエリの構成

UBSTrades

πPrice,Volume

σa

=○a:(Symbol,"UBSN")

Trades

(a) Query Q1

LargeUBSTrades

πPrice,Volume

σc

∧○c:(a,b)

>○b:(Volume,100000)

=○a:(Symbol,"UBSN")

Trades

(b) Query Q2

NumUBSTrades

�time
x|600,60

Trades countNumber

σa

=○a:(Symbol,"UBSN")

x

(c) Query Q3

WeightedUBSTrades

�tuple
x|4,1

σa

=○a:(Symbol,"UBSN")

Trades

wsumWPrice:(Price,[··· ])

x

(d) Query Q4
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表 2 Streams on Wires1) において定義される演算要素である
Algebra(文献 1) より引用)

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,
agg ∈ {avg, count, max, min, sum}

q1 grpx|c q2(x) group output of q1 by field c, then
invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;
t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join
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図 2 ビルディングブロックとしての Algebra 回路 (文献 1) より
引用)

の FPGA上にストリーム処理エンジンを構築するた
めのビルディングブロックとして表 2に示す Algebra
と表記される演算要素を定義している．各Algebraは
図 2に示すように，出力にレジスタを持つ回路ユニッ
トとして統一したインターフェイスの下で定義されて
いる．そのため，クエリを構成するために必要となる
Algebraを自由に組み合わせることができる．構成さ
れた FPGA上の回路はパイプライン並列性によって
高い処理性能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成
フローを示す． Streams on Wiresでは，クエリをコ
ンパイラ (Glacier)によってコンパイルし，必要とな
るAlgebraのインスタンシエーションおよびAlgebra
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れたHDLコードを，既存の FPGA開発ツールによっ
て合成，配置配線することで，対象とする FPGA上
の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，

FPGA 開発環境が必要であるし，しかも合成と配置
配線に数分の時間がかかる．一方，新規クエリの登録
や，流れてくるデータに応じて演算子の順序を入れ替
える動的クエリ最適化には遅くともミリ秒単位での実
行が求められる．従って，この方式を用いた短時間で
の新しいクエリの登録や動的問い合わせ最適化の処理
の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わ
ずにクエリの変更や追加，最適化ができる動的再構成
可能ストリーム処理エンジン (DR-SPE)を提案する．
DR-SPE 上でクエリを実行するまでのフローを図 4
に示す． 図 4のフローでは，FPGA上に直接クエリ
を構成する図 3 のフローと違い，FPGA 上に構成し
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Figure 8: Number of packages successfully processed
for two given input loads. The hardware implemen-
tation is able to sustain both package rates.

of 1 means that the circuit can process 100 million input
tuples per second.

All our plans are fully pipelineable. As can be seen in
Table 3, this leads to an issue rate of 1 for all five ex-
ample queries. In the upcoming section, we are going to
demonstrate how this enables us to process very high data
rates at wire speed in a network-attached configuration (Fig-
ure 2 (a)).

7.2 End-To-End Performance

A key aspect of using an FPGA for data stream processing
is that the hardware circuit can directly be hooked into an
existing data path. As already sketched in Section 3.2, we
are particularly interested in using the FPGA as a prepro-
cessor that operates between the physical network interface
and a general-purpose CPU (though the idea could be ap-
plied to other data sources, too). To verify the effectiveness
of this setup, we implemented it using an FPGA develop-
ment board, then measured the data rates it can sustain.

The biggest challenge in commodity systems is to pro-
cess network data with high package rates (as opposed to
large-sized packages). Actual application setups in soft-
ware start suffering at data rates of � 100, 000 packets/s
because of the high intra-host communication overhead for
every packet. By contrast, our query execution circuit is
directly connected to the physical network interface. The
experiments in the following show how this enables us to
process significantly higher package rates at wire speed.

Our experiments are based on a Xilinx XUPV5 develop-
ment board that ships with the FPGA mentioned in Sec-
tion 3 and includes a fast 1 GBit Ethernet interface. We
implemented the system configuration shown in Figure 2 (b)
as an embedded system by instantiating the necessary hard-
ware components as soft-cores inside the FPGA chip. Our
CPU in this setup is a Xilinx MicroBlaze CPU.

It turns out that it is fairly difficult to generate really
high package rates in a lab setting. With a NetBSD-based
packet generator, we managed to generate a maximum of
1,000,400 packets/s (all UDP traffic). Still, this was not
sufficient to saturate our hardware implementation. As il-
lustrated in Figure 8, no data was lost when processed on
the FPGA.

For comparison, we hand-crafted a light-weight network
client on top of Linux 2.6, designed to accept and process the
same input data at high speed. Yet, as shown in Figure 8,
this client was not able to sustain the load we applied. For

high package rates, it dropped more than half of all input
tuples.

Our results clearly demonstrate that our circuit can meet
the expectations we set. This makes FPGAs particularly
attractive for common application scenarios. If the FPGA
is used as a rate-reducing component in the data input path,
the remainder of the system faces only a fraction of the input
load. This significantly increases the applied load that the
system can sustain.

8. RELATED WORK

The idea of using tailor-made hardware for database pro-
cessing dates back at least to the late 1970s, when DeWitt
explored what was called a “database machine” at the time
[3]. His Direct system used specialized co-processors that
operated close to secondary storage and provided explicit
database support in its instruction set.

While enormous chip fabrication costs rendered the idea
not economical at the time, some companies started to com-
mercialize similar setups recently. Sold as “database appli-
ances”, their systems provide hardware acceleration mostly
for data warehousing workloads. Documentation about the
inner workings of any of the available systems is rare, but
it seems that some of the appliances have a lot in common
with the configurations we considered in this paper.

The Netezza Performance Server (NPS) system [2] is built
from a number of “snippet processing units” (SPUs). Each
of these snippets includes a magnetic disk, tightly coupled
with a network card, a CPU, and an FPGA. Similar to the
setup we consider, the FPGA is used to filter data close to
the data source (the disk in Netezza’s case).

The heart of Kickfire’s MySQL Analytic Appliance [14] is
its so-called “SQL Chip.” Judging from the product docu-
mentation, this chip seems to be bundled with DDR2 mem-
ory and connected to the base system via PCI Express. In
essence, this appears to coincide with the co-processor setup
that we briefly touched in Section 3.2 (cf. Figure 2).

Both systems appear to use FPGAs primarily as cus-
tomized hardware, with circuits that are geared toward very
specific (data warehousing) workloads, but are immutable at
runtime. In Avalanche, we aim at exploiting the configura-
bility of FPGAs. With Glacier, we present a compiler that
compiles queries from an arbitrary workload into a tailor-
made hardware circuit.

We share this aspect with other research projects that
use FPGAs to support arbitrary software, written in com-
modity languages. The Kiwi project [10], e.g., compiles C#
code into FPGA circuits. The main challenge in such sys-
tems is the detection of independent sub-tasks that can be
parallelized on the FPGA. Here we look at a much more
constrained source language, with obvious handles for par-
allelism. In return, we address very high data rates and
optimize our plan generation toward that.

Our processing model resembles the MonetDB/X100 sys-
tem by Héman et al. [13]. MonetDB/X100 processes data
from a column-wise storage in a pipelined fashion. We bor-
rowed their idea of selection vectors. Invalidating tuples
rather than physically deleting them avoids expensive in-
memory copy operations in MonetDB/X100. Much like Mon-
etDB/X100, our circuits favor narrow input relations/streams.
An alternative processing mode tailored to wide tuples is al-
ready on our workbench.
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Figure 2: System Architectures: (a) Stream engine
between network interface and CPU. (b) Stream
engine as a coprocessor to the CPU.

tem main memory, then informs the host CPU about the
arrival of new data (e.g., by raising an interrupt).

Alternatively, the FPGA can also be used in a traditional
co-processor setup, as illustrated in Figure 2 (b). Here, the
CPU hands over data to the FPGA either by writing directly
into FPGA registers (so-called slave registers) or it prepares
the input data into a shared RAM region, then sends a work
request to the FPGA-based co-processor.

The architecture in Figure 2 (a) fits a pattern that is
highly common in data stream applications. Oftentimes,
rate-reducing filtering or aggregation stages precede more
complex high-level processing (done on the CPU). Even sim-
ple filter stages, fully supported by the algebra dialect we
discuss in this paper, suffice to significantly reduce the load
on the back-end CPU. In algorithmic trading, for instance,
they discard about 90% of all input data. Only the re-
maining 10 % of the data actually hit the CPU, which sig-
nificantly increases the applied load that the system can
sustain.

3.3 Query Compilation

Figure 3 illustrates the compilation process from algebraic
plans to FPGA circuits. The input to the Glacier compiler
are algebraic plans of the kind introduced in Section 2.3.
The compiler applies compilation rules (Section 4) and op-
timization heuristics (Section 6), then emits the description
of a logic circuit that implements the input plan.

The generated circuits are expressed in VHDL hardware
description language. The VHDL code is fed to the Xilinx
synthesizer tool which creates the actual low-level, FPGA-
specific representation of the circuit (configuration of the
LUTs and the interconnect network). The output of the
synthesizer is then used to program the FPGA. In Figure 3,
the compilation of VHDL code into an FPGA configuration
follows the usual design flow in traditional FPGAs design.
Using Glacier, the creation of VHDL code can be fully au-
tomated.

4. FROM QUERIES TO CIRCUITS

Using pre-built components from the Glacier library, each
operator in Table 1 can be compiled into a hardware circuit
in a systematic way. To ensure the full compositionality of
the translation rules later in this section, every translated

query plans

algebraic

Glacier
Code

VHDL

Xilinx

circuit

on FPGA

Synthesizer

Figure 3: Compilation of abstract query plans into
hardware circuits for the FPGA.

sub-plan adheres to the same well-defined wiring interface.

4.1 Wiring Interface

As in data streaming engines, our processing model is en-
tirely push-based. Each n-bit-wide tuple is represented as
a set of n parallel wires in the FPGA fabric. On a set of
wires, a new tuple can be propagated in every cycle of the
FPGA’s system clock (i.e., 100 million tuples per second).
An additional data valid line signals the presence of a tuple
in a given clock cycle. Tuples are only considered to be part
of the data stream if their data valid flag is set to true, i.e.,
if the data valid line carries an electrical “high” signal.

In the following, we use rectangles to represent logic com-
ponents (with the exception of multiplexers, for which we
use the common trapezoid notation). Our circuits are all
clock-driven or synchronized and every operator in our li-
brary writes its output into a flip-flop register after pro-
cessing. We indicate registers as gray-shaded boxes and

q

make the data valid flag explicit as
each operator’s leftmost output. For
instance, we depict the black-box
view of a hardware implementation
for a query q as shown on the right.

We use arrows to denote the wiring between hardware
components. Wherever appropriate, we identify those lines
from a tuple bus that correspond to a specific tuple field
with a label at the respective input/output port. The label
‘∗’ stands for “all remaining fields”. We do not represent
the order of fields within a tuple. The hardware plan for the
algebra expression σa(q) can thus be illustrated as

q

&
a ∗

.

In this circuit, the logical ‘and’ gate invalidates the output
tuple whenever field a contains false.

4.1.1 Circuit Characteristics
The above circuit will compute its output in a single clock

cycle and will be ready to consume a new input tuple at
every tick of the clock. We say that its latency and issue
rate are both 1. In general, circuits may need more than one
cycle until the result of their computation can be picked up
at the operator output—they have a latency that is larger
than 1. Due to their semantics, circuits that implement
grouping or windowing cannot produce output before they
have seen the last tuple of the respective query window.
For these operators, we define latency to be the number of
clock cycles between the closing of the input window and
the generation of the first output tuple.

We define the issue rate as the number of tuples that can
be processed per clock cycle. The issue rate is always ≤ 1.

プロセッサとの処理性能比較
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表 2 Streams on Wires1) において定義される演算要素である
Algebra(文献 1) より引用)

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,
agg ∈ {avg, count, max, min, sum}

q1 grpx|c q2(x) group output of q1 by field c, then
invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;
t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join
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図 2 ビルディングブロックとしての Algebra 回路 (文献 1) より
引用)
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図 2に示すように，出力にレジスタを持つ回路ユニッ
トとして統一したインターフェイスの下で定義されて
いる．そのため，クエリを構成するために必要となる
Algebraを自由に組み合わせることができる．構成さ
れた FPGA上の回路はパイプライン並列性によって
高い処理性能を発揮する．
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れたHDLコードを，既存の FPGA開発ツールによっ
て合成，配置配線することで，対象とする FPGA上
の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，

FPGA 開発環境が必要であるし，しかも合成と配置
配線に数分の時間がかかる．一方，新規クエリの登録
や，流れてくるデータに応じて演算子の順序を入れ替
える動的クエリ最適化には遅くともミリ秒単位での実
行が求められる．従って，この方式を用いた短時間で
の新しいクエリの登録や動的問い合わせ最適化の処理
の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わ
ずにクエリの変更や追加，最適化ができる動的再構成
可能ストリーム処理エンジン (DR-SPE)を提案する．
DR-SPE 上でクエリを実行するまでのフローを図 4
に示す． 図 4のフローでは，FPGA上に直接クエリ
を構成する図 3 のフローと違い，FPGA 上に構成し

(3) 合成/配置配線の計算コスト大

手軽にクエリを構成しなおすことが困難

(1) クエリに対する回路の意識が必要

(2) 時間がかかる

3 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

表 2 Streams on Wires1) において定義される演算要素である Algebra(文献 1) より引用)

Table 2 Algebra defined in Streams on Wires1)(from 1)) as operation elements

2. STREAMS IN SOFTWARE

2.1 Motivating Application

Our running example is based on an ongoing collabora-

tion with a Swiss bank. Their financial trading application

receives data from a set of streams with up-to-date market

information from different stock exchanges. The information

is sent via UDP broadcast messages and in small packages

(to reduce latency). The main challenge is the data rate at

which messages arrive. By the end of next year, this rate is

going to approach 3 million messages per second [15].

Traditional techniques such as load shedding [17] cannot

be applied in trading applications because of potential fi-

nancial loss. This is particularly true in peak situations,

which typically indicate a turbulent market situation. At

the same time, latency is critical and measured in units of

microseconds (µs).

To abstract from the real application, we assume an input

stream that contains a reduced set of information about each

trade handled by Eurex (the actual streams are implemented

as a compressed representation of the feature-rich FIX pro-

tocol [4]). Expressed in the syntax of StreamBase [16], the

schema of our data would read:

CREATE INPUT STREAM Trades (
Seqnr int, -- sequence number
Symbol string(4), -- valor symbol
Price int, -- stock price
Volume int) -- trade volume

To keep matters simple, we look at queries that process

a single data stream only. In particular, we disallow the

use of joins. To facilitate the allocation of resources on the

FPGA, we restrict ourselves to queries with a predictable

space requirement. We do allow aggregation queries and

windowing; in fact, we particularly look at such functionality

in the second half of Section 4.

These restrictions can be lifted with techniques that are

no different to those applied in software-based systems. The

necessary FPGA circuitry, however, would introduce addi-

tional complexity and only distract from the FPGA-inherent

considerations that are the main focus of this work.

2.2 Example Queries

Our first set of example queries is designed to illustrate

a hardware-based implementation for the most basic oper-

ators in stream processing. Queries Q1 and Q2 use simple

projections as well as selections and compound predicates:

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN"
INTO UBSTrades

(Q1)

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN" AND Volume > 100000
INTO LargeUBSTrades

(Q2)

Financial analytics often depend on statistical information

from the data stream. Using sliding-window and grouping

functionality, Query Q3 counts the number of trades of UBS

shares over the last 10 minutes (600 seconds) and returns

the aggregate every minute. In Query Q4, we assume the

presence of an aggregation function wsum that computes the

weighted sum over the prices seen in the last four trades

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,

agg ∈ {avg, count, max, min, sum}
q1 grpx|c q2(x) group output of q1 by field c, then

invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;

t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join

Table 1: Supported streaming algebra (a, b, c: field
names; q, qi: sub-plans; x: parameterized sub-plan
input).

of UBS stocks (similar functionality is used, e.g., to im-

plement finite-impulse response filters). Finally, Query Q5

determines the average trade prices for each stock symbol

over the last ten-minutes window:

SELECT count () AS Number
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

WHERE Symbol = "UBSN"
INTO NumUBSTrades

(Q3)

SELECT wsum (Price, [ .5, .25, .125, .125 ]) AS Wprice
FROM (SELECT * FROM Trades

WHERE Symbol = "UBSN")
[ SIZE 4 ADVANCE 1 TUPLES ]

INTO WeightedUBSTrades

(Q4)

SELECT Symbol, avg (Price) AS AvgPrice
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

GROUP BY Symbol
INTO PriceAverages

(Q5)

We use these five queries in the following to demonstrate

various features as well as the compositionality of the Glacier
compiler.

2.3 Algebraic Plans

Input to our compiler is a query representation in an alge-

bra for streaming queries. Our compiler currently supports

the algebra dialect listed in Table 1, whereby operators may

be composed in an arbitrary fashion.

Our algebra uses an “assembly-style” representation that

breaks down selection, arithmetics, and predicate evaluation

into separate algebra operators. In earlier work, we found a

similar representation also suited to express, e.g., the seman-

tics of XQuery [11]. In the context of the current work, the

notation turns out to have nice correspondences to the data

flow in a hardware circuit and helps detecting opportunities

for parallel evaluation.

Figure 1 illustrates how our streaming algebra can be used

to express the semantics of Queries Q1 through Q5. Observe

how in Figure 1(a), e.g., operator =○ makes the comparison

of each input tuple with the requested stock symbol “UBSN”

explicit. Its output, the new column a, is used afterwards

to filter out non-qualifying tuples (operator σa).

The concatenate operator represents what could be

called a “join by position”. Tuples from both input streams

are combined into a wide result tuple in the order in which

の実行順序を状況に応じて動的に変更することで，処理性能を向上する技術である．タプ
ル到着に伴って，結合率や選択率を高速に推定し，それに従って演算子実行順序を入れ替え
ることで，大幅な性能改善を達成できる可能性がある．ただし，演算子実行順序の入れ替
え処理には高速性が求められる．例えばミリ秒単位で変動する証券取引所のデータを対象
とすれば，入れ替え処理は遅くとも 1ミリ秒以下である必要がある．前述の既存研究1)3)4)

ではこの実現が困難である．その詳細は次節で述べる．そこで本研究ではこの高速入れ替え
処理の実現に挑む．

3. 動的再構成可能ストリーム処理エンジン
ストリームデータ処理を専用ハードウェア化すれば，サイクルレベルでの処理と並列処
理により，処理性能を向上できる．Streams on Wires1) では，FPGAを用いてストリーム
データ処理を行う手法を提案している．FPGAは，回路を構成する構成情報によって，実
行前にその処理内容を変更できる再構成可能なハードウェアデバイスである． Streams on

Wiresでは所望の FPGA上にストリーム処理エンジンを構築するためのビルディングブロッ
クとして表 2に示す Algebraと表記される演算要素を定義している．各 Algebraは図 2に
示すように，出力にレジスタを持つ回路ユニットとして統一したインターフェイスの下で定
義されている．そのため，クエリを構成するために必要となる Algebraを自由に組み合わ
せることができる．構成された FPGA上の回路はパイプライン並列性によって高い処理性
能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成フローを示す． Streams on Wires
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between network interface and CPU. (b) Stream
engine as a coprocessor to the CPU.

tem main memory, then informs the host CPU about the
arrival of new data (e.g., by raising an interrupt).

Alternatively, the FPGA can also be used in a traditional
co-processor setup, as illustrated in Figure 2 (b). Here, the
CPU hands over data to the FPGA either by writing directly
into FPGA registers (so-called slave registers) or it prepares
the input data into a shared RAM region, then sends a work
request to the FPGA-based co-processor.

The architecture in Figure 2 (a) fits a pattern that is
highly common in data stream applications. Oftentimes,
rate-reducing filtering or aggregation stages precede more
complex high-level processing (done on the CPU). Even sim-
ple filter stages, fully supported by the algebra dialect we
discuss in this paper, suffice to significantly reduce the load
on the back-end CPU. In algorithmic trading, for instance,
they discard about 90% of all input data. Only the re-
maining 10 % of the data actually hit the CPU, which sig-
nificantly increases the applied load that the system can
sustain.

3.3 Query Compilation

Figure 3 illustrates the compilation process from algebraic
plans to FPGA circuits. The input to the Glacier compiler
are algebraic plans of the kind introduced in Section 2.3.
The compiler applies compilation rules (Section 4) and op-
timization heuristics (Section 6), then emits the description
of a logic circuit that implements the input plan.

The generated circuits are expressed in VHDL hardware
description language. The VHDL code is fed to the Xilinx
synthesizer tool which creates the actual low-level, FPGA-
specific representation of the circuit (configuration of the
LUTs and the interconnect network). The output of the
synthesizer is then used to program the FPGA. In Figure 3,
the compilation of VHDL code into an FPGA configuration
follows the usual design flow in traditional FPGAs design.
Using Glacier, the creation of VHDL code can be fully au-
tomated.

4. FROM QUERIES TO CIRCUITS

Using pre-built components from the Glacier library, each
operator in Table 1 can be compiled into a hardware circuit
in a systematic way. To ensure the full compositionality of
the translation rules later in this section, every translated

query plans

algebraic

Glacier
Code

VHDL

Xilinx

circuit

on FPGA

Synthesizer

Figure 3: Compilation of abstract query plans into
hardware circuits for the FPGA.

sub-plan adheres to the same well-defined wiring interface.

4.1 Wiring Interface

As in data streaming engines, our processing model is en-
tirely push-based. Each n-bit-wide tuple is represented as
a set of n parallel wires in the FPGA fabric. On a set of
wires, a new tuple can be propagated in every cycle of the
FPGA’s system clock (i.e., 100 million tuples per second).
An additional data valid line signals the presence of a tuple
in a given clock cycle. Tuples are only considered to be part
of the data stream if their data valid flag is set to true, i.e.,
if the data valid line carries an electrical “high” signal.

In the following, we use rectangles to represent logic com-
ponents (with the exception of multiplexers, for which we
use the common trapezoid notation). Our circuits are all
clock-driven or synchronized and every operator in our li-
brary writes its output into a flip-flop register after pro-
cessing. We indicate registers as gray-shaded boxes and

q

make the data valid flag explicit as
each operator’s leftmost output. For
instance, we depict the black-box
view of a hardware implementation
for a query q as shown on the right.

We use arrows to denote the wiring between hardware
components. Wherever appropriate, we identify those lines
from a tuple bus that correspond to a specific tuple field
with a label at the respective input/output port. The label
‘∗’ stands for “all remaining fields”. We do not represent
the order of fields within a tuple. The hardware plan for the
algebra expression σa(q) can thus be illustrated as

q

&
a ∗

.

In this circuit, the logical ‘and’ gate invalidates the output
tuple whenever field a contains false.

4.1.1 Circuit Characteristics
The above circuit will compute its output in a single clock

cycle and will be ready to consume a new input tuple at
every tick of the clock. We say that its latency and issue
rate are both 1. In general, circuits may need more than one
cycle until the result of their computation can be picked up
at the operator output—they have a latency that is larger
than 1. Due to their semantics, circuits that implement
grouping or windowing cannot produce output before they
have seen the last tuple of the respective query window.
For these operators, we define latency to be the number of
clock cycles between the closing of the input window and
the generation of the first output tuple.

We define the issue rate as the number of tuples that can
be processed per clock cycle. The issue rate is always ≤ 1.

図 2 ビルディングブロックとしての Algebra 回路 (文献 1) より引用)

Fig. 2 Algebra circuit as building block of query plan(from 1))
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では，クエリをコンパイラ (Glacier)によってコンパイルし，必要となる Algebraのインス
タンシエーションおよび Algebra 間の配線を定義する HDL コードを生成する．生成され
た HDLコードを，既存の FPGA開発ツールによって合成，配置配線することで，対象と
する FPGA上の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，FPGA開発環境が必要であるし，しか
も合成と配置配線に数分の時間がかかる．一方，新規クエリの登録や，流れてくるデータに
応じて演算子の順序を入れ替える動的クエリ最適化には遅くともミリ秒単位での実行が求
められる．従って，この方式を用いた短時間での新しいクエリの登録や動的問い合わせ最適
化の処理の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わずにクエリの変更や追加，最適化が
できる動的再構成可能ストリーム処理エンジン (DR-SPE)を提案する．DR-SPE上でクエ
リを実行するまでのフローを図 4に示す．図 4のフローでは，FPGA上に直接クエリを構
成する図 3のフローと違い，再構成可能なアーキテクチャとして設計された DR-SPEの設
定を動的に書き換えるパス “dynamic configuration” により，クエリを実現する．図 4 の
フローでは，まず，対象とするアプリケーションに応じて，タプル幅や演算幅などの設定情
報によりカスタマイズした DR-SPEの HDLコードを生成する．この HDLコードは合成，
配置配線され，ハードウェア回路として得られる．この時点では，特定のクエリが設定され
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図 1 Streams on Wires1) に例として挙げられているクエリ (文献 1) より引用)

表 2 Streams on Wires1) において定義される演算要素である
Algebra(文献 1) より引用)

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,
agg ∈ {avg, count, max, min, sum}

q1 grpx|c q2(x) group output of q1 by field c, then
invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;
t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join

q

&
a ∗

図 2 ビルディングブロックとしての Algebra 回路 (文献 1) より
引用)

の FPGA上にストリーム処理エンジンを構築するた
めのビルディングブロックとして表 2に示す Algebra
と表記される演算要素を定義している．各Algebraは
図 2に示すように，出力にレジスタを持つ回路ユニッ
トとして統一したインターフェイスの下で定義されて
いる．そのため，クエリを構成するために必要となる
Algebraを自由に組み合わせることができる．構成さ
れた FPGA上の回路はパイプライン並列性によって
高い処理性能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成
フローを示す． Streams on Wiresでは，クエリをコ
ンパイラ (Glacier)によってコンパイルし，必要とな
るAlgebraのインスタンシエーションおよびAlgebra
間の配線を定義する HDLコードを生成する．生成さ
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れたHDLコードを，既存の FPGA開発ツールによっ
て合成，配置配線することで，対象とする FPGA上
の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，

FPGA 開発環境が必要であるし，しかも合成と配置
配線に数分の時間がかかる．一方，新規クエリの登録
や，流れてくるデータに応じて演算子の順序を入れ替
える動的クエリ最適化には遅くともミリ秒単位での実
行が求められる．従って，この方式を用いた短時間で
の新しいクエリの登録や動的問い合わせ最適化の処理
の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わ
ずにクエリの変更や追加，最適化ができる動的再構成
可能ストリーム処理エンジン (DR-SPE)を提案する．
DR-SPE 上でクエリを実行するまでのフローを図 4
に示す． 図 4のフローでは，FPGA上に直接クエリ
を構成する図 3 のフローと違い，FPGA 上に構成し
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表 2 Streams on Wires1) において定義される演算要素である Algebra(文献 1) より引用)

Table 2 Algebra defined in Streams on Wires1)(from 1)) as operation elements

2. STREAMS IN SOFTWARE

2.1 Motivating Application

Our running example is based on an ongoing collabora-

tion with a Swiss bank. Their financial trading application

receives data from a set of streams with up-to-date market

information from different stock exchanges. The information

is sent via UDP broadcast messages and in small packages

(to reduce latency). The main challenge is the data rate at

which messages arrive. By the end of next year, this rate is

going to approach 3 million messages per second [15].

Traditional techniques such as load shedding [17] cannot

be applied in trading applications because of potential fi-

nancial loss. This is particularly true in peak situations,

which typically indicate a turbulent market situation. At

the same time, latency is critical and measured in units of

microseconds (µs).

To abstract from the real application, we assume an input

stream that contains a reduced set of information about each

trade handled by Eurex (the actual streams are implemented

as a compressed representation of the feature-rich FIX pro-

tocol [4]). Expressed in the syntax of StreamBase [16], the

schema of our data would read:

CREATE INPUT STREAM Trades (
Seqnr int, -- sequence number
Symbol string(4), -- valor symbol
Price int, -- stock price
Volume int) -- trade volume

To keep matters simple, we look at queries that process

a single data stream only. In particular, we disallow the

use of joins. To facilitate the allocation of resources on the

FPGA, we restrict ourselves to queries with a predictable

space requirement. We do allow aggregation queries and

windowing; in fact, we particularly look at such functionality

in the second half of Section 4.

These restrictions can be lifted with techniques that are

no different to those applied in software-based systems. The

necessary FPGA circuitry, however, would introduce addi-

tional complexity and only distract from the FPGA-inherent

considerations that are the main focus of this work.

2.2 Example Queries

Our first set of example queries is designed to illustrate

a hardware-based implementation for the most basic oper-

ators in stream processing. Queries Q1 and Q2 use simple

projections as well as selections and compound predicates:

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN"
INTO UBSTrades

(Q1)

SELECT Price, Volume
FROM Trades

WHERE Symbol = "UBSN" AND Volume > 100000
INTO LargeUBSTrades

(Q2)

Financial analytics often depend on statistical information

from the data stream. Using sliding-window and grouping

functionality, Query Q3 counts the number of trades of UBS

shares over the last 10 minutes (600 seconds) and returns

the aggregate every minute. In Query Q4, we assume the

presence of an aggregation function wsum that computes the

weighted sum over the prices seen in the last four trades

πa1,...,an(q) projection

σa(q) select tuples where field a contains true
�○a:(b1,b2)(q) arithmetic/Boolean operation a = b1 � b2

q1 ∪ q2 union

aggb:a(q) aggregate agg using input field a,

agg ∈ {avg, count, max, min, sum}
q1 grpx|c q2(x) group output of q1 by field c, then

invoke q2 with x substituted by the group

q1 �t
x|k,l q2(x) sliding window with size k, advance by l;

apply q2 with x substituted on each wind.;

t ∈ {time, tuple}: time-, or tuple-based

q1 q2 concatenation; position-based field join

Table 1: Supported streaming algebra (a, b, c: field
names; q, qi: sub-plans; x: parameterized sub-plan
input).

of UBS stocks (similar functionality is used, e.g., to im-

plement finite-impulse response filters). Finally, Query Q5

determines the average trade prices for each stock symbol

over the last ten-minutes window:

SELECT count () AS Number
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

WHERE Symbol = "UBSN"
INTO NumUBSTrades

(Q3)

SELECT wsum (Price, [ .5, .25, .125, .125 ]) AS Wprice
FROM (SELECT * FROM Trades

WHERE Symbol = "UBSN")
[ SIZE 4 ADVANCE 1 TUPLES ]

INTO WeightedUBSTrades

(Q4)

SELECT Symbol, avg (Price) AS AvgPrice
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]

GROUP BY Symbol
INTO PriceAverages

(Q5)

We use these five queries in the following to demonstrate

various features as well as the compositionality of the Glacier
compiler.

2.3 Algebraic Plans

Input to our compiler is a query representation in an alge-

bra for streaming queries. Our compiler currently supports

the algebra dialect listed in Table 1, whereby operators may

be composed in an arbitrary fashion.

Our algebra uses an “assembly-style” representation that

breaks down selection, arithmetics, and predicate evaluation

into separate algebra operators. In earlier work, we found a

similar representation also suited to express, e.g., the seman-

tics of XQuery [11]. In the context of the current work, the

notation turns out to have nice correspondences to the data

flow in a hardware circuit and helps detecting opportunities

for parallel evaluation.

Figure 1 illustrates how our streaming algebra can be used

to express the semantics of Queries Q1 through Q5. Observe

how in Figure 1(a), e.g., operator =○ makes the comparison

of each input tuple with the requested stock symbol “UBSN”

explicit. Its output, the new column a, is used afterwards

to filter out non-qualifying tuples (operator σa).

The concatenate operator represents what could be

called a “join by position”. Tuples from both input streams

are combined into a wide result tuple in the order in which

の実行順序を状況に応じて動的に変更することで，処理性能を向上する技術である．タプ
ル到着に伴って，結合率や選択率を高速に推定し，それに従って演算子実行順序を入れ替え
ることで，大幅な性能改善を達成できる可能性がある．ただし，演算子実行順序の入れ替
え処理には高速性が求められる．例えばミリ秒単位で変動する証券取引所のデータを対象
とすれば，入れ替え処理は遅くとも 1ミリ秒以下である必要がある．前述の既存研究1)3)4)

ではこの実現が困難である．その詳細は次節で述べる．そこで本研究ではこの高速入れ替え
処理の実現に挑む．

3. 動的再構成可能ストリーム処理エンジン
ストリームデータ処理を専用ハードウェア化すれば，サイクルレベルでの処理と並列処
理により，処理性能を向上できる．Streams on Wires1) では，FPGAを用いてストリーム
データ処理を行う手法を提案している．FPGAは，回路を構成する構成情報によって，実
行前にその処理内容を変更できる再構成可能なハードウェアデバイスである． Streams on

Wiresでは所望の FPGA上にストリーム処理エンジンを構築するためのビルディングブロッ
クとして表 2に示す Algebraと表記される演算要素を定義している．各 Algebraは図 2に
示すように，出力にレジスタを持つ回路ユニットとして統一したインターフェイスの下で定
義されている．そのため，クエリを構成するために必要となる Algebraを自由に組み合わ
せることができる．構成された FPGA上の回路はパイプライン並列性によって高い処理性
能を発揮する．
図 3に，FPGA上でのストリームデータ処理の生成フローを示す． Streams on Wires
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Figure 2: System Architectures: (a) Stream engine
between network interface and CPU. (b) Stream
engine as a coprocessor to the CPU.

tem main memory, then informs the host CPU about the
arrival of new data (e.g., by raising an interrupt).

Alternatively, the FPGA can also be used in a traditional
co-processor setup, as illustrated in Figure 2 (b). Here, the
CPU hands over data to the FPGA either by writing directly
into FPGA registers (so-called slave registers) or it prepares
the input data into a shared RAM region, then sends a work
request to the FPGA-based co-processor.

The architecture in Figure 2 (a) fits a pattern that is
highly common in data stream applications. Oftentimes,
rate-reducing filtering or aggregation stages precede more
complex high-level processing (done on the CPU). Even sim-
ple filter stages, fully supported by the algebra dialect we
discuss in this paper, suffice to significantly reduce the load
on the back-end CPU. In algorithmic trading, for instance,
they discard about 90% of all input data. Only the re-
maining 10 % of the data actually hit the CPU, which sig-
nificantly increases the applied load that the system can
sustain.

3.3 Query Compilation

Figure 3 illustrates the compilation process from algebraic
plans to FPGA circuits. The input to the Glacier compiler
are algebraic plans of the kind introduced in Section 2.3.
The compiler applies compilation rules (Section 4) and op-
timization heuristics (Section 6), then emits the description
of a logic circuit that implements the input plan.

The generated circuits are expressed in VHDL hardware
description language. The VHDL code is fed to the Xilinx
synthesizer tool which creates the actual low-level, FPGA-
specific representation of the circuit (configuration of the
LUTs and the interconnect network). The output of the
synthesizer is then used to program the FPGA. In Figure 3,
the compilation of VHDL code into an FPGA configuration
follows the usual design flow in traditional FPGAs design.
Using Glacier, the creation of VHDL code can be fully au-
tomated.

4. FROM QUERIES TO CIRCUITS

Using pre-built components from the Glacier library, each
operator in Table 1 can be compiled into a hardware circuit
in a systematic way. To ensure the full compositionality of
the translation rules later in this section, every translated
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Figure 3: Compilation of abstract query plans into
hardware circuits for the FPGA.

sub-plan adheres to the same well-defined wiring interface.

4.1 Wiring Interface

As in data streaming engines, our processing model is en-
tirely push-based. Each n-bit-wide tuple is represented as
a set of n parallel wires in the FPGA fabric. On a set of
wires, a new tuple can be propagated in every cycle of the
FPGA’s system clock (i.e., 100 million tuples per second).
An additional data valid line signals the presence of a tuple
in a given clock cycle. Tuples are only considered to be part
of the data stream if their data valid flag is set to true, i.e.,
if the data valid line carries an electrical “high” signal.

In the following, we use rectangles to represent logic com-
ponents (with the exception of multiplexers, for which we
use the common trapezoid notation). Our circuits are all
clock-driven or synchronized and every operator in our li-
brary writes its output into a flip-flop register after pro-
cessing. We indicate registers as gray-shaded boxes and

q

make the data valid flag explicit as
each operator’s leftmost output. For
instance, we depict the black-box
view of a hardware implementation
for a query q as shown on the right.

We use arrows to denote the wiring between hardware
components. Wherever appropriate, we identify those lines
from a tuple bus that correspond to a specific tuple field
with a label at the respective input/output port. The label
‘∗’ stands for “all remaining fields”. We do not represent
the order of fields within a tuple. The hardware plan for the
algebra expression σa(q) can thus be illustrated as

q

&
a ∗

.

In this circuit, the logical ‘and’ gate invalidates the output
tuple whenever field a contains false.

4.1.1 Circuit Characteristics
The above circuit will compute its output in a single clock

cycle and will be ready to consume a new input tuple at
every tick of the clock. We say that its latency and issue
rate are both 1. In general, circuits may need more than one
cycle until the result of their computation can be picked up
at the operator output—they have a latency that is larger
than 1. Due to their semantics, circuits that implement
grouping or windowing cannot produce output before they
have seen the last tuple of the respective query window.
For these operators, we define latency to be the number of
clock cycles between the closing of the input window and
the generation of the first output tuple.

We define the issue rate as the number of tuples that can
be processed per clock cycle. The issue rate is always ≤ 1.
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では，クエリをコンパイラ (Glacier)によってコンパイルし，必要となる Algebraのインス
タンシエーションおよび Algebra 間の配線を定義する HDL コードを生成する．生成され
た HDLコードを，既存の FPGA開発ツールによって合成，配置配線することで，対象と
する FPGA上の構成情報が得られる．
この方式では，新しいクエリを登録する場合に，FPGA開発環境が必要であるし，しか
も合成と配置配線に数分の時間がかかる．一方，新規クエリの登録や，流れてくるデータに
応じて演算子の順序を入れ替える動的クエリ最適化には遅くともミリ秒単位での実行が求
められる．従って，この方式を用いた短時間での新しいクエリの登録や動的問い合わせ最適
化の処理の実現は困難である．
そこで本稿では，HDLからの合成と配置配線を行わずにクエリの変更や追加，最適化が
できる動的再構成可能ストリーム処理エンジン (DR-SPE)を提案する．DR-SPE上でクエ
リを実行するまでのフローを図 4に示す．図 4のフローでは，FPGA上に直接クエリを構
成する図 3のフローと違い，再構成可能なアーキテクチャとして設計された DR-SPEの設
定を動的に書き換えるパス “dynamic configuration” により，クエリを実現する．図 4 の
フローでは，まず，対象とするアプリケーションに応じて，タプル幅や演算幅などの設定情
報によりカスタマイズした DR-SPEの HDLコードを生成する．この HDLコードは合成，
配置配線され，ハードウェア回路として得られる．この時点では，特定のクエリが設定され
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Query Q1. Latency of this circuit is 3, issue rate 1.

all sub-plans have an issue rate of one, this is also the rate
of the complete plan. ✷

4.4 Union
From a data flow point of view, the task of an algebraic

union operator ∪ is to accumulate the output of several
source streams into a single output stream. Since, in our
case, all source streams operate truly in parallel, a hardware
implementation for ∪ needs to ensure proper synchroniza-
tion. We do so by buffering all input ports using FIFOs:

4-way union FIFOs

A state machine inside the union component then for-
wards tuples from the input FIFOs in a round-robin fashion
and emits them as the union result.

Though every individual input may feed into the union
component at an arbitrary tuple rate (i.e., issue rate 1), the
average rate of all input streams together must not exceed
more than one tuple per cycle, which is the maximum tu-
ple rate that the union component can forward up-stream
the data path. In terms of latency, the state machine inside
the operator requires a single cycle to process. The FIFOs
at the input, implemented using either flip-flop registers or
block RAM (a resource trade-off), add another latency cy-
cle. The overall circuit therefore has a minimum latency of
2. Depending on the input data distribution, however, the
observed latency may be higher whenever tuples queue up
in an input FIFO.

Strictly speaking, a binary union component is sufficient
to implement the algebraic ∪ operator:

q1 ∪ q2 �⇒
2-way union

q1

∗
q2

∗ . (Union)

As we will see in the following, however, the availability of
a general, n-way union implementation eases the implemen-
tation of other functionality.

4.5 Windowing
The concept of windowing bridges the gap between stream

processing and relational-style semantics. The operation
q1 �x|k,l q2 consumes the output of its left-hand sub-plan
(q1) and slices it into a set of windows. For each window,
�x|k,l invokes a parameterized execution of the right-hand
sub-plan q2(x), with each occurrence of x replaced by the

q1 �x|k,l q2(x) �⇒
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Figure 5: Compilation rule for windowing operator
� (shown for an instance with at most three windows
open in parallel).

current window. Sub-plan q2 thus sees a finite input for
every execution and may, e.g., use aggregation in a seman-
tically sound manner.

Our compiler implements this semantics by wrapping q2

into a template circuit (full compilation rule shown in Fig-
ure 5). We introduce an additional input signal eos (“end of
stream”) next to the data valid. It is asserted “high” when
a window closes to notify the sub-plan that it has seen all
elements of that window. The signal typically triggers the
sub-plan to start generating output tuples.

A common use case are sliding windows, where input tu-
ples belong to several windows at the same time. Here we
can exploit the available parallelism on the FPGA chip. We
replicate the hardware plan of q2 as many times n as there
may be windows open in parallel during query execution,
plus 1. For time- and tuple-based windows, e.g., we have
that n = �k/l� + 1 (where k is the window size and l is the
size of the slide). In Figure 5, we assume n = 4 (i.e., at most
three windows open in parallel). To keep matters simple, we
assume that k is a multiple of l; the extension to the general
case is straightforward.

We use the cyclic shift register CSR1 (indicated as a dashed
box in Figure 5) to keep track of window states. For every
instance of the sub-plan q2, this shift register carries the in-
formation whether the instance actively processes an open
window. Figure 5 assumes that three windows are open in
parallel, i.e., three bits are set in CSR1. Whenever the end
of a window is reached, triggering the “advance” signal adv
rotates the shift register (to the right), such that the oldest
open window is closed and a new one opened. The signal adv
may be driven either by a clock (for time-based windows) or
by a counter that implements tuple-based windows.

Parallel to advancing CSR1, we send an eos signal to the
sub-plan that processes the oldest open window. This sub-
plan will then start producing output and feed it to the up-
stream plan through a union operator. While doing so, the
sub-plan will have the 0-bit in CSR1, i.e., it will not receive
any new input while emitting tuples. To communicate the
eos signal to the correct sub-plan, we use a second shift
register CSR2, shifted in sync with CSR1. The single bit in

For example, an operator that can accept a tuple every five
cycles has an issue rate of 0.2.

Some operations can be pipelined. The corresponding cir-
cuits will be ready to consume new input already before
the output of the preceding tuple has been fully computed.
Their issue rate is higher than the reciprocal value of their
latency.

Latency and issue rate are important parameters to de-
termine the performance of a hardware circuit. Latency di-
rectly corresponds to the observable response time, whereas
the issue rate determines throughput.

4.1.2 Synchronization
Both properties sometimes also need to be considered dur-

ing query compilation. For instance, all compilation rules
must ensure that a generated circuit will never try to push
two tuples in successive cycles into an operator that has
an issue rate less than one. We use two types of logic
components to implement the synchronization between sub-
circuits:

FIFO queues act as short-term buffers for streams with
a varying data rate. They emit data at a predictable
rate, typically the issue rate of an upstream sub-circuit.
Note that, at runtime, the average input rate must not
exceed what is achievable with the output rate.

In most practical cases, the depth of the FIFO can be
kept very low. This not only implies a small resource
footprint, but also means that the impact on the over-
all latency is typically small.

Delay operators z−n can block data items for a fixed num-
ber of cycles n. This can be used, e.g., to properly syn-
chronize the output of slow arithmetic operators with
the remaining tuple flow (the circuit below implements
�○a:(b1,b2)(q); assume that the latency of � is 2):

q

z−2 �

b1 b2

z−2
a

∗
.

4.2 Selection and Projection

We saw earlier how our assembly-style selection opera-
tor σa can be cast into a hardware circuit. Compilation
Rule Sel formalizes this translation in the notation we also
use in the remainder of this work. We use the �⇒ symbol to
indicate the “compiles to” relation and, as before, assume
that a rectangle labeled q is the circuit that results from
compiling q:

σa(q) �⇒

q

&
a ∗

. (Sel)

Note that the resulting circuit leaves all tuples essentially
intact, but invalidates discarded tuples by setting their data
valid flag to false. This is very similar in nature to the
“selection vectors” that MonetDB/X100 [13] uses to avoid
data copying.

The logical ‘and’ gate & completes within a single cy-
cle. Therefore, the latency and the issue rate of the circuit
generated for σa are both 1.

Here, we use the projection operator πa1,...,an to discard
fields from the tuple flow. Support for field renaming (often
expressed using the π operator) is a straightforward exten-
sion of what we present here.

Discarding a field from the tuple flow simply means to
not wire the respective output ports with any inputs further
down the data path, as shown in Rule Proj:

πa1,...,an(q) �⇒

q

a1 an
· · ·

∗ . (Proj)

This implementation for πa1,...,an has an interesting side
effect. Our compiler emits the description of a hardware cir-
cuit that is passed into a synthesizer to generate the actual
hardware configuration for the FPGA. The synthesizer op-
timizes out “dangling wires”, effectively implementing pro-
jection pushdown for free.

There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.

4.3 Arithmetics and Boolean Operations

As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance

=○a:(b1,b2)(q) ,

e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
in logic (we saw a similar circuit a moment ago):

=○a:(b1,b2)(q) �⇒

q

=
b1 b2

a

∗
. (Equals)

Most simple arithmetic or Boolean operations will run within
a single clock cycle. More complex tasks, such as multipli-
cation/division, or floating-point arithmetics, may require
additional latency. Sometimes, the actual circuit that im-
plements � can be tuned within the trade-offs latency, is-
sue rate, and chip space consumption. If the latency of � is
greater than one, delay operators have to be introduced to
synchronize the operator output with the remaining fields
(as shown before in Section 4.1.2).

Example. With the rules we have seen so far, we can now
translate our first example query into a hardware circuit. In
Figure 4, we illustrated the circuit that results from applying
our compilation rules to Query Q1.

The hardware circuit quite literally reflects the shape of
the algebraic plan. Each of the operators can individually
operate in a single cycle (i.e., have latency and issue rates
of one). Since all plan operators are applied sequentially,
latencies add up and the circuit in Figure 4 has an overall
latency of three. By contrast, the issue rate of a pipelined
execution plan is determined by its slowest sub-plan. Since

For example, an operator that can accept a tuple every five
cycles has an issue rate of 0.2.

Some operations can be pipelined. The corresponding cir-
cuits will be ready to consume new input already before
the output of the preceding tuple has been fully computed.
Their issue rate is higher than the reciprocal value of their
latency.

Latency and issue rate are important parameters to de-
termine the performance of a hardware circuit. Latency di-
rectly corresponds to the observable response time, whereas
the issue rate determines throughput.

4.1.2 Synchronization
Both properties sometimes also need to be considered dur-

ing query compilation. For instance, all compilation rules
must ensure that a generated circuit will never try to push
two tuples in successive cycles into an operator that has
an issue rate less than one. We use two types of logic
components to implement the synchronization between sub-
circuits:

FIFO queues act as short-term buffers for streams with
a varying data rate. They emit data at a predictable
rate, typically the issue rate of an upstream sub-circuit.
Note that, at runtime, the average input rate must not
exceed what is achievable with the output rate.

In most practical cases, the depth of the FIFO can be
kept very low. This not only implies a small resource
footprint, but also means that the impact on the over-
all latency is typically small.

Delay operators z−n can block data items for a fixed num-
ber of cycles n. This can be used, e.g., to properly syn-
chronize the output of slow arithmetic operators with
the remaining tuple flow (the circuit below implements
�○a:(b1,b2)(q); assume that the latency of � is 2):
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We saw earlier how our assembly-style selection opera-
tor σa can be cast into a hardware circuit. Compilation
Rule Sel formalizes this translation in the notation we also
use in the remainder of this work. We use the �⇒ symbol to
indicate the “compiles to” relation and, as before, assume
that a rectangle labeled q is the circuit that results from
compiling q:
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Note that the resulting circuit leaves all tuples essentially
intact, but invalidates discarded tuples by setting their data
valid flag to false. This is very similar in nature to the
“selection vectors” that MonetDB/X100 [13] uses to avoid
data copying.

The logical ‘and’ gate & completes within a single cy-
cle. Therefore, the latency and the issue rate of the circuit
generated for σa are both 1.

Here, we use the projection operator πa1,...,an to discard
fields from the tuple flow. Support for field renaming (often
expressed using the π operator) is a straightforward exten-
sion of what we present here.

Discarding a field from the tuple flow simply means to
not wire the respective output ports with any inputs further
down the data path, as shown in Rule Proj:

πa1,...,an(q) �⇒

q
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· · ·
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This implementation for πa1,...,an has an interesting side
effect. Our compiler emits the description of a hardware cir-
cuit that is passed into a synthesizer to generate the actual
hardware configuration for the FPGA. The synthesizer op-
timizes out “dangling wires”, effectively implementing pro-
jection pushdown for free.

There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.

4.3 Arithmetics and Boolean Operations

As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance

=○a:(b1,b2)(q) ,

e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
in logic (we saw a similar circuit a moment ago):

=○a:(b1,b2)(q) �⇒
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=
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. (Equals)

Most simple arithmetic or Boolean operations will run within
a single clock cycle. More complex tasks, such as multipli-
cation/division, or floating-point arithmetics, may require
additional latency. Sometimes, the actual circuit that im-
plements � can be tuned within the trade-offs latency, is-
sue rate, and chip space consumption. If the latency of � is
greater than one, delay operators have to be introduced to
synchronize the operator output with the remaining fields
(as shown before in Section 4.1.2).

Example. With the rules we have seen so far, we can now
translate our first example query into a hardware circuit. In
Figure 4, we illustrated the circuit that results from applying
our compilation rules to Query Q1.

The hardware circuit quite literally reflects the shape of
the algebraic plan. Each of the operators can individually
operate in a single cycle (i.e., have latency and issue rates
of one). Since all plan operators are applied sequentially,
latencies add up and the circuit in Figure 4 has an overall
latency of three. By contrast, the issue rate of a pipelined
execution plan is determined by its slowest sub-plan. Since
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Figure 4: Compiled hardware execution plan for
Query Q1. Latency of this circuit is 3, issue rate 1.

all sub-plans have an issue rate of one, this is also the rate
of the complete plan. ✷

4.4 Union
From a data flow point of view, the task of an algebraic

union operator ∪ is to accumulate the output of several
source streams into a single output stream. Since, in our
case, all source streams operate truly in parallel, a hardware
implementation for ∪ needs to ensure proper synchroniza-
tion. We do so by buffering all input ports using FIFOs:

4-way union FIFOs

A state machine inside the union component then for-
wards tuples from the input FIFOs in a round-robin fashion
and emits them as the union result.

Though every individual input may feed into the union
component at an arbitrary tuple rate (i.e., issue rate 1), the
average rate of all input streams together must not exceed
more than one tuple per cycle, which is the maximum tu-
ple rate that the union component can forward up-stream
the data path. In terms of latency, the state machine inside
the operator requires a single cycle to process. The FIFOs
at the input, implemented using either flip-flop registers or
block RAM (a resource trade-off), add another latency cy-
cle. The overall circuit therefore has a minimum latency of
2. Depending on the input data distribution, however, the
observed latency may be higher whenever tuples queue up
in an input FIFO.

Strictly speaking, a binary union component is sufficient
to implement the algebraic ∪ operator:

q1 ∪ q2 �⇒
2-way union

q1

∗
q2

∗ . (Union)

As we will see in the following, however, the availability of
a general, n-way union implementation eases the implemen-
tation of other functionality.

4.5 Windowing
The concept of windowing bridges the gap between stream

processing and relational-style semantics. The operation
q1 �x|k,l q2 consumes the output of its left-hand sub-plan
(q1) and slices it into a set of windows. For each window,
�x|k,l invokes a parameterized execution of the right-hand
sub-plan q2(x), with each occurrence of x replaced by the

q1 �x|k,l q2(x) �⇒

q2
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Figure 5: Compilation rule for windowing operator
� (shown for an instance with at most three windows
open in parallel).

current window. Sub-plan q2 thus sees a finite input for
every execution and may, e.g., use aggregation in a seman-
tically sound manner.

Our compiler implements this semantics by wrapping q2

into a template circuit (full compilation rule shown in Fig-
ure 5). We introduce an additional input signal eos (“end of
stream”) next to the data valid. It is asserted “high” when
a window closes to notify the sub-plan that it has seen all
elements of that window. The signal typically triggers the
sub-plan to start generating output tuples.

A common use case are sliding windows, where input tu-
ples belong to several windows at the same time. Here we
can exploit the available parallelism on the FPGA chip. We
replicate the hardware plan of q2 as many times n as there
may be windows open in parallel during query execution,
plus 1. For time- and tuple-based windows, e.g., we have
that n = �k/l� + 1 (where k is the window size and l is the
size of the slide). In Figure 5, we assume n = 4 (i.e., at most
three windows open in parallel). To keep matters simple, we
assume that k is a multiple of l; the extension to the general
case is straightforward.

We use the cyclic shift register CSR1 (indicated as a dashed
box in Figure 5) to keep track of window states. For every
instance of the sub-plan q2, this shift register carries the in-
formation whether the instance actively processes an open
window. Figure 5 assumes that three windows are open in
parallel, i.e., three bits are set in CSR1. Whenever the end
of a window is reached, triggering the “advance” signal adv
rotates the shift register (to the right), such that the oldest
open window is closed and a new one opened. The signal adv
may be driven either by a clock (for time-based windows) or
by a counter that implements tuple-based windows.

Parallel to advancing CSR1, we send an eos signal to the
sub-plan that processes the oldest open window. This sub-
plan will then start producing output and feed it to the up-
stream plan through a union operator. While doing so, the
sub-plan will have the 0-bit in CSR1, i.e., it will not receive
any new input while emitting tuples. To communicate the
eos signal to the correct sub-plan, we use a second shift
register CSR2, shifted in sync with CSR1. The single bit in
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all sub-plans have an issue rate of one, this is also the rate
of the complete plan. ✷

4.4 Union
From a data flow point of view, the task of an algebraic

union operator ∪ is to accumulate the output of several
source streams into a single output stream. Since, in our
case, all source streams operate truly in parallel, a hardware
implementation for ∪ needs to ensure proper synchroniza-
tion. We do so by buffering all input ports using FIFOs:

4-way union FIFOs

A state machine inside the union component then for-
wards tuples from the input FIFOs in a round-robin fashion
and emits them as the union result.

Though every individual input may feed into the union
component at an arbitrary tuple rate (i.e., issue rate 1), the
average rate of all input streams together must not exceed
more than one tuple per cycle, which is the maximum tu-
ple rate that the union component can forward up-stream
the data path. In terms of latency, the state machine inside
the operator requires a single cycle to process. The FIFOs
at the input, implemented using either flip-flop registers or
block RAM (a resource trade-off), add another latency cy-
cle. The overall circuit therefore has a minimum latency of
2. Depending on the input data distribution, however, the
observed latency may be higher whenever tuples queue up
in an input FIFO.

Strictly speaking, a binary union component is sufficient
to implement the algebraic ∪ operator:

q1 ∪ q2 �⇒
2-way union

q1

∗
q2

∗ . (Union)

As we will see in the following, however, the availability of
a general, n-way union implementation eases the implemen-
tation of other functionality.

4.5 Windowing
The concept of windowing bridges the gap between stream

processing and relational-style semantics. The operation
q1 �x|k,l q2 consumes the output of its left-hand sub-plan
(q1) and slices it into a set of windows. For each window,
�x|k,l invokes a parameterized execution of the right-hand
sub-plan q2(x), with each occurrence of x replaced by the
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� (shown for an instance with at most three windows
open in parallel).

current window. Sub-plan q2 thus sees a finite input for
every execution and may, e.g., use aggregation in a seman-
tically sound manner.

Our compiler implements this semantics by wrapping q2

into a template circuit (full compilation rule shown in Fig-
ure 5). We introduce an additional input signal eos (“end of
stream”) next to the data valid. It is asserted “high” when
a window closes to notify the sub-plan that it has seen all
elements of that window. The signal typically triggers the
sub-plan to start generating output tuples.

A common use case are sliding windows, where input tu-
ples belong to several windows at the same time. Here we
can exploit the available parallelism on the FPGA chip. We
replicate the hardware plan of q2 as many times n as there
may be windows open in parallel during query execution,
plus 1. For time- and tuple-based windows, e.g., we have
that n = �k/l� + 1 (where k is the window size and l is the
size of the slide). In Figure 5, we assume n = 4 (i.e., at most
three windows open in parallel). To keep matters simple, we
assume that k is a multiple of l; the extension to the general
case is straightforward.

We use the cyclic shift register CSR1 (indicated as a dashed
box in Figure 5) to keep track of window states. For every
instance of the sub-plan q2, this shift register carries the in-
formation whether the instance actively processes an open
window. Figure 5 assumes that three windows are open in
parallel, i.e., three bits are set in CSR1. Whenever the end
of a window is reached, triggering the “advance” signal adv
rotates the shift register (to the right), such that the oldest
open window is closed and a new one opened. The signal adv
may be driven either by a clock (for time-based windows) or
by a counter that implements tuple-based windows.

Parallel to advancing CSR1, we send an eos signal to the
sub-plan that processes the oldest open window. This sub-
plan will then start producing output and feed it to the up-
stream plan through a union operator. While doing so, the
sub-plan will have the 0-bit in CSR1, i.e., it will not receive
any new input while emitting tuples. To communicate the
eos signal to the correct sub-plan, we use a second shift
register CSR2, shifted in sync with CSR1. The single bit in
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all sub-plans have an issue rate of one, this is also the rate
of the complete plan. ✷

4.4 Union
From a data flow point of view, the task of an algebraic

union operator ∪ is to accumulate the output of several
source streams into a single output stream. Since, in our
case, all source streams operate truly in parallel, a hardware
implementation for ∪ needs to ensure proper synchroniza-
tion. We do so by buffering all input ports using FIFOs:

4-way union FIFOs

A state machine inside the union component then for-
wards tuples from the input FIFOs in a round-robin fashion
and emits them as the union result.

Though every individual input may feed into the union
component at an arbitrary tuple rate (i.e., issue rate 1), the
average rate of all input streams together must not exceed
more than one tuple per cycle, which is the maximum tu-
ple rate that the union component can forward up-stream
the data path. In terms of latency, the state machine inside
the operator requires a single cycle to process. The FIFOs
at the input, implemented using either flip-flop registers or
block RAM (a resource trade-off), add another latency cy-
cle. The overall circuit therefore has a minimum latency of
2. Depending on the input data distribution, however, the
observed latency may be higher whenever tuples queue up
in an input FIFO.

Strictly speaking, a binary union component is sufficient
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q1 ∪ q2 �⇒
2-way union

q1

∗
q2

∗ . (Union)

As we will see in the following, however, the availability of
a general, n-way union implementation eases the implemen-
tation of other functionality.

4.5 Windowing
The concept of windowing bridges the gap between stream

processing and relational-style semantics. The operation
q1 �x|k,l q2 consumes the output of its left-hand sub-plan
(q1) and slices it into a set of windows. For each window,
�x|k,l invokes a parameterized execution of the right-hand
sub-plan q2(x), with each occurrence of x replaced by the
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Figure 5: Compilation rule for windowing operator
� (shown for an instance with at most three windows
open in parallel).

current window. Sub-plan q2 thus sees a finite input for
every execution and may, e.g., use aggregation in a seman-
tically sound manner.

Our compiler implements this semantics by wrapping q2

into a template circuit (full compilation rule shown in Fig-
ure 5). We introduce an additional input signal eos (“end of
stream”) next to the data valid. It is asserted “high” when
a window closes to notify the sub-plan that it has seen all
elements of that window. The signal typically triggers the
sub-plan to start generating output tuples.

A common use case are sliding windows, where input tu-
ples belong to several windows at the same time. Here we
can exploit the available parallelism on the FPGA chip. We
replicate the hardware plan of q2 as many times n as there
may be windows open in parallel during query execution,
plus 1. For time- and tuple-based windows, e.g., we have
that n = �k/l� + 1 (where k is the window size and l is the
size of the slide). In Figure 5, we assume n = 4 (i.e., at most
three windows open in parallel). To keep matters simple, we
assume that k is a multiple of l; the extension to the general
case is straightforward.

We use the cyclic shift register CSR1 (indicated as a dashed
box in Figure 5) to keep track of window states. For every
instance of the sub-plan q2, this shift register carries the in-
formation whether the instance actively processes an open
window. Figure 5 assumes that three windows are open in
parallel, i.e., three bits are set in CSR1. Whenever the end
of a window is reached, triggering the “advance” signal adv
rotates the shift register (to the right), such that the oldest
open window is closed and a new one opened. The signal adv
may be driven either by a clock (for time-based windows) or
by a counter that implements tuple-based windows.

Parallel to advancing CSR1, we send an eos signal to the
sub-plan that processes the oldest open window. This sub-
plan will then start producing output and feed it to the up-
stream plan through a union operator. While doing so, the
sub-plan will have the 0-bit in CSR1, i.e., it will not receive
any new input while emitting tuples. To communicate the
eos signal to the correct sub-plan, we use a second shift
register CSR2, shifted in sync with CSR1. The single bit in
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Figure 7: Compilation rule to implement the ‘group
by’ operator grp.

causes a noticeable effect on the overall chip space consump-
tion.

Grouping is typically used in combination with aggrega-
tion. Although grouping by itself does not chop an infinite
stream into finite subsets, we explicitly indicate the neces-
sary routing of eos signals to the sub-plan instances. In
addition, we use the signal to clear the content-addressable
memory after each group (rst input).

Our CAM implementation is based on lookup tables with
very fast lookup performance. De-multiplexing can be pro-
cessed fully asynchronously, such that the entire routing cir-
cuit can typically be processed within a single clock cycle or
two (high-capacity CAMs and high-fanout de-multiplexers
may be more complex and require an additional wait cycle).
As discussed earlier, LUT-based CAMs have a slow write
performance, which we have to pay for whenever a group
item is seen the first time. Since this makes the issue rate of
the circuit data-dependent, we use a FIFO (not shown in the
circuit) to buffer all input. The circuit thus has a variable
latency. A hit or a miss can be determined with a latency
of one cycle. If no entry is found in the CAM, additional 16
wait cycles are necessary to insert a new entry. Thus, the
overall performance of a CAM is one cycle on a hit and 17
cycles for a miss. The latency at the output side is given by
the latency of the sub-plan plus one (for the n-way union).
The average issue rate is one if we assume that the FIFO is
large enough (i.e., at least 16 times the number of groups)
to buffer the incoming tuples during the wait cycles when
writing to the CAM.

Example. Compiling Query Q5 would yield a circuit like
the one in Figure 7, wrapped into a windowing circuit (as in
Figure 5). We omit the plan here because of its obvious com-
plexity. In the actual application, the Trades stream contains
market data of a subset of the stock indexes. With less than
a hundred different stock symbols per stream, we can easily
replicate the avg sub-circuit as demanded by Compilation
Rule GrpBy. ✷

4.8 Concatenation Operator

The tuple concatenation operator is a device mainly
intended to express multiple aggregates within the same
SELECT clause. The query

SELECT min (Price), max (Price)
FROM Trades [ SIZE 600 ADVANCE 60 TIME ]
WHERE Symbol = "UBSN"

,

NumUBSTrades

�time
x|600,60

Trades

minPrice

σa

=○a:(Symbol,"UBSN")

x

maxPrice

for instance, could be ex-
pressed using the query plan
shown here following column
on the right. On the hard-
ware side, the semantics of
q1 q2 is straightforward to
implement. We simply di-
rect the signals from all in-
put fields to a common out-
put register set. A tuple gen-
erated this way only is meaningful if both input tuples were
valid. Hence, we use a logical ‘and’ gate to combine them:

q1 q2 �⇒

q1 q2

&

∗ ∗
. (Concat)

Again, the ‘and’ gate easily finishes within a single cycle.
Hence, latency and issue rate are both 1.

5. AUXILIARY COMPONENTS

While the previous section provided a compositional scheme
to translate a query body into a hardware circuit, actually
running the circuit requires some glue logic that lets the
execution plan communicate with its environment. Glacier
includes such logic for commonly used setups.

5.1 Network Adapter

In a commodity computing system, the communication
between a network interface card (NIC) and its host CPU
is performed using a multi-step protocol. In a nutshell, the
network card transfers a received packet into the main mem-
ory of the host system using DMA, then informs the CPU
about the arrival by raising an interrupt. The interrupt lets
the operating system switch into kernel mode, where the
operating system does all necessary packet decoding, before
it hands the data off into user space where the payload can
finally be processed.

For latency-critical applications (such as algorithmic trad-
ing) or ones with high data volumes, such a long processing
stack may be prohibitive. Therefore, we decided to imple-
ment our own network adapter on the FPGA as a soft-core.
The soft-core directly connects to the Ethernet MAC com-
ponent of the physical network interface. From there, we
grab raw Ethernet network frames immediately when they
arrive. We implemented a small UDP/IP stack in the soft-
core. This allows us to to receive UDP datagrams without
the help of the CPU. From the decoded UDP datagrams
we can extract the data tuples and feed them to the cir-
cuit that represents the compiled execution plans. The host
CPU only gets involved for the data that remains after the
end of the query pipeline, where it is typically faced with a
significantly reduced data load due to filtering and aggrega-
tion. In Section 7, we will see how this enables us to process
data at gigabit Ethernet wire speed.

Likewise, we could use the same functionality to build a
data sink that transmits result data over the network with-
out any involvement of the host CPU.

5.2 CPU Adapter

Our system setup in Section 3.2 assumes the host CPU
as the other end of the processing pipeline. To send (result)
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Figure 7: Compilation rule to implement the ‘group
by’ operator grp.
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Hence, latency and issue rate are both 1.

5. AUXILIARY COMPONENTS
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to translate a query body into a hardware circuit, actually
running the circuit requires some glue logic that lets the
execution plan communicate with its environment. Glacier
includes such logic for commonly used setups.

5.1 Network Adapter

In a commodity computing system, the communication
between a network interface card (NIC) and its host CPU
is performed using a multi-step protocol. In a nutshell, the
network card transfers a received packet into the main mem-
ory of the host system using DMA, then informs the CPU
about the arrival by raising an interrupt. The interrupt lets
the operating system switch into kernel mode, where the
operating system does all necessary packet decoding, before
it hands the data off into user space where the payload can
finally be processed.

For latency-critical applications (such as algorithmic trad-
ing) or ones with high data volumes, such a long processing
stack may be prohibitive. Therefore, we decided to imple-
ment our own network adapter on the FPGA as a soft-core.
The soft-core directly connects to the Ethernet MAC com-
ponent of the physical network interface. From there, we
grab raw Ethernet network frames immediately when they
arrive. We implemented a small UDP/IP stack in the soft-
core. This allows us to to receive UDP datagrams without
the help of the CPU. From the decoded UDP datagrams
we can extract the data tuples and feed them to the cir-
cuit that represents the compiled execution plans. The host
CPU only gets involved for the data that remains after the
end of the query pipeline, where it is typically faced with a
significantly reduced data load due to filtering and aggrega-
tion. In Section 7, we will see how this enables us to process
data at gigabit Ethernet wire speed.

Likewise, we could use the same functionality to build a
data sink that transmits result data over the network with-
out any involvement of the host CPU.

5.2 CPU Adapter

Our system setup in Section 3.2 assumes the host CPU
as the other end of the processing pipeline. To send (result)

For example, an operator that can accept a tuple every five
cycles has an issue rate of 0.2.

Some operations can be pipelined. The corresponding cir-
cuits will be ready to consume new input already before
the output of the preceding tuple has been fully computed.
Their issue rate is higher than the reciprocal value of their
latency.

Latency and issue rate are important parameters to de-
termine the performance of a hardware circuit. Latency di-
rectly corresponds to the observable response time, whereas
the issue rate determines throughput.

4.1.2 Synchronization
Both properties sometimes also need to be considered dur-

ing query compilation. For instance, all compilation rules
must ensure that a generated circuit will never try to push
two tuples in successive cycles into an operator that has
an issue rate less than one. We use two types of logic
components to implement the synchronization between sub-
circuits:

FIFO queues act as short-term buffers for streams with
a varying data rate. They emit data at a predictable
rate, typically the issue rate of an upstream sub-circuit.
Note that, at runtime, the average input rate must not
exceed what is achievable with the output rate.

In most practical cases, the depth of the FIFO can be
kept very low. This not only implies a small resource
footprint, but also means that the impact on the over-
all latency is typically small.

Delay operators z−n can block data items for a fixed num-
ber of cycles n. This can be used, e.g., to properly syn-
chronize the output of slow arithmetic operators with
the remaining tuple flow (the circuit below implements
�○a:(b1,b2)(q); assume that the latency of � is 2):

q

z−2 �

b1 b2

z−2
a

∗
.

4.2 Selection and Projection

We saw earlier how our assembly-style selection opera-
tor σa can be cast into a hardware circuit. Compilation
Rule Sel formalizes this translation in the notation we also
use in the remainder of this work. We use the �⇒ symbol to
indicate the “compiles to” relation and, as before, assume
that a rectangle labeled q is the circuit that results from
compiling q:

σa(q) �⇒

q

&
a ∗

. (Sel)

Note that the resulting circuit leaves all tuples essentially
intact, but invalidates discarded tuples by setting their data
valid flag to false. This is very similar in nature to the
“selection vectors” that MonetDB/X100 [13] uses to avoid
data copying.

The logical ‘and’ gate & completes within a single cy-
cle. Therefore, the latency and the issue rate of the circuit
generated for σa are both 1.

Here, we use the projection operator πa1,...,an to discard
fields from the tuple flow. Support for field renaming (often
expressed using the π operator) is a straightforward exten-
sion of what we present here.

Discarding a field from the tuple flow simply means to
not wire the respective output ports with any inputs further
down the data path, as shown in Rule Proj:

πa1,...,an(q) �⇒

q

a1 an
· · ·

∗ . (Proj)

This implementation for πa1,...,an has an interesting side
effect. Our compiler emits the description of a hardware cir-
cuit that is passed into a synthesizer to generate the actual
hardware configuration for the FPGA. The synthesizer op-
timizes out “dangling wires”, effectively implementing pro-
jection pushdown for free.

There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.

4.3 Arithmetics and Boolean Operations

As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance

=○a:(b1,b2)(q) ,

e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
in logic (we saw a similar circuit a moment ago):

=○a:(b1,b2)(q) �⇒

q

=
b1 b2

a

∗
. (Equals)

Most simple arithmetic or Boolean operations will run within
a single clock cycle. More complex tasks, such as multipli-
cation/division, or floating-point arithmetics, may require
additional latency. Sometimes, the actual circuit that im-
plements � can be tuned within the trade-offs latency, is-
sue rate, and chip space consumption. If the latency of � is
greater than one, delay operators have to be introduced to
synchronize the operator output with the remaining fields
(as shown before in Section 4.1.2).

Example. With the rules we have seen so far, we can now
translate our first example query into a hardware circuit. In
Figure 4, we illustrated the circuit that results from applying
our compilation rules to Query Q1.

The hardware circuit quite literally reflects the shape of
the algebraic plan. Each of the operators can individually
operate in a single cycle (i.e., have latency and issue rates
of one). Since all plan operators are applied sequentially,
latencies add up and the circuit in Figure 4 has an overall
latency of three. By contrast, the issue rate of a pipelined
execution plan is determined by its slowest sub-plan. Since
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There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.
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As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance
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e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
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synchronize the operator output with the remaining fields
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our compilation rules to Query Q1.
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Figure 6: Hardware execution plan for Query Q4.

CSR2 identifies the oldest open window.

Example. The hardware circuit that implements the sliding-
window query Q4 is shown in Figure 6. With the windowing
clause [ SIZE 4 ADVANCE 1 TUPLES ], at most four windows
can be open together at any point in time. Hence, we in-
stantiate five copies of the wsum sub-plan. The window type
of this query is tuple-based. The ‘counter’ component on
the left counts incoming tuples and sends the adv signal as
often as specified by the query’s ADVANCE clause (in this par-
ticular case, ADVANCE = 1 and we could simplify our circuit
by directly routing data valid to the adv line). ✷

Signal processing in the windowing part of the plan is im-
plemented fully asynchronously. It fits into a single clock
cycle and is fully pipelineable. The latency of the overall
circuit thus is the latency of the inner plan plus 2 (the la-
tency of the n-way union operator). The issue rate is the
one of the inner circuit.

4.6 Aggregation
Other than the previous operators, aggregation functions

(count, min, max, avg, . . . ) assume a finite input data set.
Typically, they are applied on windows. As seen in the pre-
vious section, windowing breaks a potentially infinite stream
into finite sub-streams.

In practice (and as implemented in the previous section),
tuples are streamed into a set of open windows immediately
after arrival, rather than batching them up until a window
closes. The eos signal to notifies the aggregation circuit
when a window closes or when the end of the current input
stream has been reached (for example when a finite input
from a persistent database table has been fully consumed).

Note that the window operator itself does not provide
storage for data elements. The tuples are directly forwarded
and therefore storage needs to be provided by the imple-
mentation of the aggregation function instead. This has the
advantage that each aggregation function needs to provide
storage just for the amount of state it requires, rather than
maintaining the entire window. Following [9], we classify

aggregation functions as follows:

Algebraic Aggregate Functions. We implement alge-
braic aggregate functions (i.e., ones that use a fixed amount
of state) [9] in a straightforward fashion. To implement
count, e.g., we use a standard counter component and wire
its trigger input to the data valid signal of the input stream.
Once we reach the end of the current stream, we (a) emit
the counter value to the upstream data path and (b) reset
the counter to zero to prepare for the next input stream.

In the translation rule for counta(q),

counta(q) �⇒

q

counter

eos

rst

a

∗
, (Count)

we forward the eos signal to the data valid output register
to implement (a) and feed the same signal into the reset
input of the counter to implement (b). Note that counta

constructs a new output field without reading any particu-
lar input value. The operator emits no other field but the
aggregate (we handle grouping separately, see next). For
the algebraic aggregates we consider, count, sum, avg, min,
and max, the latency is one cycle. A tuple can be applied at
the input every clock cycle (the issue rate is 1).

Holistic Aggregate Functions. For some aggregate func-
tions, the state required is not within constant bounds. They
need to batch (parts of) their input until the aggregate can
be computed when the end of the stream is seen. The pro-
totype example for such operators are the computation of
medians or most frequent items. Our weighted sum operator
wsum behaves similarly, but needs to remember only the last
four input tuples. The use of flip-flops is a good choice to
hold such small quantities of data. Here we can use them in
a shift register mode, such that the operator buffer always
contains the last four input values.

4.7 Grouping
Semantically, a grouping expression q1 grpx|c q2 evaluates

the left-hand sub-plan q1, then routes each tuple to one of
a number of independent evaluations of the sub-plan q2(x).
The grouping column c thereby determines the target sub-
plan for every input tuple.

FPGA circuits provide excellent support for such func-
tionality. In Section 3.1, we discussed content-addressable
memory as an efficient mechanism to implement key-value
stores. Here, we use that functionality to identify the match-
ing group for an input tuple. Our CAM returns the index i
of the sub-plan that matches the given input tuple. We feed
this index into the address port of a de-multiplexer, which
will then route the signal on the data input to the ith output
line.

Once again, the data valid flag comes in handy here.
Rather than routing the entire tuple to the proper sub-plan
instance, we use the de-multiplexer only to control the data
valid flag. The actual payload is sent to all sub-plan in-
stances in parallel.

Following our earlier assumptions, we preallocate a num-
ber of sub-plan instances, depending on the number of groups
that are going to result at runtime. Typically, the sub-plan
is a simple aggregate operation with low complexity. Over-
estimating the number of groups at compile time thus rarely
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Figure 6: Hardware execution plan for Query Q4.

CSR2 identifies the oldest open window.

Example. The hardware circuit that implements the sliding-
window query Q4 is shown in Figure 6. With the windowing
clause [ SIZE 4 ADVANCE 1 TUPLES ], at most four windows
can be open together at any point in time. Hence, we in-
stantiate five copies of the wsum sub-plan. The window type
of this query is tuple-based. The ‘counter’ component on
the left counts incoming tuples and sends the adv signal as
often as specified by the query’s ADVANCE clause (in this par-
ticular case, ADVANCE = 1 and we could simplify our circuit
by directly routing data valid to the adv line). ✷

Signal processing in the windowing part of the plan is im-
plemented fully asynchronously. It fits into a single clock
cycle and is fully pipelineable. The latency of the overall
circuit thus is the latency of the inner plan plus 2 (the la-
tency of the n-way union operator). The issue rate is the
one of the inner circuit.

4.6 Aggregation
Other than the previous operators, aggregation functions

(count, min, max, avg, . . . ) assume a finite input data set.
Typically, they are applied on windows. As seen in the pre-
vious section, windowing breaks a potentially infinite stream
into finite sub-streams.

In practice (and as implemented in the previous section),
tuples are streamed into a set of open windows immediately
after arrival, rather than batching them up until a window
closes. The eos signal to notifies the aggregation circuit
when a window closes or when the end of the current input
stream has been reached (for example when a finite input
from a persistent database table has been fully consumed).

Note that the window operator itself does not provide
storage for data elements. The tuples are directly forwarded
and therefore storage needs to be provided by the imple-
mentation of the aggregation function instead. This has the
advantage that each aggregation function needs to provide
storage just for the amount of state it requires, rather than
maintaining the entire window. Following [9], we classify

aggregation functions as follows:

Algebraic Aggregate Functions. We implement alge-
braic aggregate functions (i.e., ones that use a fixed amount
of state) [9] in a straightforward fashion. To implement
count, e.g., we use a standard counter component and wire
its trigger input to the data valid signal of the input stream.
Once we reach the end of the current stream, we (a) emit
the counter value to the upstream data path and (b) reset
the counter to zero to prepare for the next input stream.

In the translation rule for counta(q),

counta(q) �⇒

q

counter

eos

rst

a

∗
, (Count)

we forward the eos signal to the data valid output register
to implement (a) and feed the same signal into the reset
input of the counter to implement (b). Note that counta

constructs a new output field without reading any particu-
lar input value. The operator emits no other field but the
aggregate (we handle grouping separately, see next). For
the algebraic aggregates we consider, count, sum, avg, min,
and max, the latency is one cycle. A tuple can be applied at
the input every clock cycle (the issue rate is 1).

Holistic Aggregate Functions. For some aggregate func-
tions, the state required is not within constant bounds. They
need to batch (parts of) their input until the aggregate can
be computed when the end of the stream is seen. The pro-
totype example for such operators are the computation of
medians or most frequent items. Our weighted sum operator
wsum behaves similarly, but needs to remember only the last
four input tuples. The use of flip-flops is a good choice to
hold such small quantities of data. Here we can use them in
a shift register mode, such that the operator buffer always
contains the last four input values.

4.7 Grouping
Semantically, a grouping expression q1 grpx|c q2 evaluates

the left-hand sub-plan q1, then routes each tuple to one of
a number of independent evaluations of the sub-plan q2(x).
The grouping column c thereby determines the target sub-
plan for every input tuple.

FPGA circuits provide excellent support for such func-
tionality. In Section 3.1, we discussed content-addressable
memory as an efficient mechanism to implement key-value
stores. Here, we use that functionality to identify the match-
ing group for an input tuple. Our CAM returns the index i
of the sub-plan that matches the given input tuple. We feed
this index into the address port of a de-multiplexer, which
will then route the signal on the data input to the ith output
line.

Once again, the data valid flag comes in handy here.
Rather than routing the entire tuple to the proper sub-plan
instance, we use the de-multiplexer only to control the data
valid flag. The actual payload is sent to all sub-plan in-
stances in parallel.

Following our earlier assumptions, we preallocate a num-
ber of sub-plan instances, depending on the number of groups
that are going to result at runtime. Typically, the sub-plan
is a simple aggregate operation with low complexity. Over-
estimating the number of groups at compile time thus rarely

For example, an operator that can accept a tuple every five
cycles has an issue rate of 0.2.

Some operations can be pipelined. The corresponding cir-
cuits will be ready to consume new input already before
the output of the preceding tuple has been fully computed.
Their issue rate is higher than the reciprocal value of their
latency.

Latency and issue rate are important parameters to de-
termine the performance of a hardware circuit. Latency di-
rectly corresponds to the observable response time, whereas
the issue rate determines throughput.

4.1.2 Synchronization
Both properties sometimes also need to be considered dur-

ing query compilation. For instance, all compilation rules
must ensure that a generated circuit will never try to push
two tuples in successive cycles into an operator that has
an issue rate less than one. We use two types of logic
components to implement the synchronization between sub-
circuits:

FIFO queues act as short-term buffers for streams with
a varying data rate. They emit data at a predictable
rate, typically the issue rate of an upstream sub-circuit.
Note that, at runtime, the average input rate must not
exceed what is achievable with the output rate.

In most practical cases, the depth of the FIFO can be
kept very low. This not only implies a small resource
footprint, but also means that the impact on the over-
all latency is typically small.

Delay operators z−n can block data items for a fixed num-
ber of cycles n. This can be used, e.g., to properly syn-
chronize the output of slow arithmetic operators with
the remaining tuple flow (the circuit below implements
�○a:(b1,b2)(q); assume that the latency of � is 2):

q

z−2 �

b1 b2

z−2
a

∗
.

4.2 Selection and Projection

We saw earlier how our assembly-style selection opera-
tor σa can be cast into a hardware circuit. Compilation
Rule Sel formalizes this translation in the notation we also
use in the remainder of this work. We use the �⇒ symbol to
indicate the “compiles to” relation and, as before, assume
that a rectangle labeled q is the circuit that results from
compiling q:

σa(q) �⇒

q

&
a ∗

. (Sel)

Note that the resulting circuit leaves all tuples essentially
intact, but invalidates discarded tuples by setting their data
valid flag to false. This is very similar in nature to the
“selection vectors” that MonetDB/X100 [13] uses to avoid
data copying.

The logical ‘and’ gate & completes within a single cy-
cle. Therefore, the latency and the issue rate of the circuit
generated for σa are both 1.

Here, we use the projection operator πa1,...,an to discard
fields from the tuple flow. Support for field renaming (often
expressed using the π operator) is a straightforward exten-
sion of what we present here.

Discarding a field from the tuple flow simply means to
not wire the respective output ports with any inputs further
down the data path, as shown in Rule Proj:

πa1,...,an(q) �⇒

q

a1 an
· · ·

∗ . (Proj)

This implementation for πa1,...,an has an interesting side
effect. Our compiler emits the description of a hardware cir-
cuit that is passed into a synthesizer to generate the actual
hardware configuration for the FPGA. The synthesizer op-
timizes out “dangling wires”, effectively implementing pro-
jection pushdown for free.

There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.

4.3 Arithmetics and Boolean Operations

As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance

=○a:(b1,b2)(q) ,

e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
in logic (we saw a similar circuit a moment ago):

=○a:(b1,b2)(q) �⇒

q

=
b1 b2

a

∗
. (Equals)

Most simple arithmetic or Boolean operations will run within
a single clock cycle. More complex tasks, such as multipli-
cation/division, or floating-point arithmetics, may require
additional latency. Sometimes, the actual circuit that im-
plements � can be tuned within the trade-offs latency, is-
sue rate, and chip space consumption. If the latency of � is
greater than one, delay operators have to be introduced to
synchronize the operator output with the remaining fields
(as shown before in Section 4.1.2).

Example. With the rules we have seen so far, we can now
translate our first example query into a hardware circuit. In
Figure 4, we illustrated the circuit that results from applying
our compilation rules to Query Q1.

The hardware circuit quite literally reflects the shape of
the algebraic plan. Each of the operators can individually
operate in a single cycle (i.e., have latency and issue rates
of one). Since all plan operators are applied sequentially,
latencies add up and the circuit in Figure 4 has an overall
latency of three. By contrast, the issue rate of a pipelined
execution plan is determined by its slowest sub-plan. Since

For example, an operator that can accept a tuple every five
cycles has an issue rate of 0.2.

Some operations can be pipelined. The corresponding cir-
cuits will be ready to consume new input already before
the output of the preceding tuple has been fully computed.
Their issue rate is higher than the reciprocal value of their
latency.

Latency and issue rate are important parameters to de-
termine the performance of a hardware circuit. Latency di-
rectly corresponds to the observable response time, whereas
the issue rate determines throughput.

4.1.2 Synchronization
Both properties sometimes also need to be considered dur-

ing query compilation. For instance, all compilation rules
must ensure that a generated circuit will never try to push
two tuples in successive cycles into an operator that has
an issue rate less than one. We use two types of logic
components to implement the synchronization between sub-
circuits:

FIFO queues act as short-term buffers for streams with
a varying data rate. They emit data at a predictable
rate, typically the issue rate of an upstream sub-circuit.
Note that, at runtime, the average input rate must not
exceed what is achievable with the output rate.

In most practical cases, the depth of the FIFO can be
kept very low. This not only implies a small resource
footprint, but also means that the impact on the over-
all latency is typically small.

Delay operators z−n can block data items for a fixed num-
ber of cycles n. This can be used, e.g., to properly syn-
chronize the output of slow arithmetic operators with
the remaining tuple flow (the circuit below implements
�○a:(b1,b2)(q); assume that the latency of � is 2):
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We saw earlier how our assembly-style selection opera-
tor σa can be cast into a hardware circuit. Compilation
Rule Sel formalizes this translation in the notation we also
use in the remainder of this work. We use the �⇒ symbol to
indicate the “compiles to” relation and, as before, assume
that a rectangle labeled q is the circuit that results from
compiling q:
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Note that the resulting circuit leaves all tuples essentially
intact, but invalidates discarded tuples by setting their data
valid flag to false. This is very similar in nature to the
“selection vectors” that MonetDB/X100 [13] uses to avoid
data copying.

The logical ‘and’ gate & completes within a single cy-
cle. Therefore, the latency and the issue rate of the circuit
generated for σa are both 1.

Here, we use the projection operator πa1,...,an to discard
fields from the tuple flow. Support for field renaming (often
expressed using the π operator) is a straightforward exten-
sion of what we present here.

Discarding a field from the tuple flow simply means to
not wire the respective output ports with any inputs further
down the data path, as shown in Rule Proj:
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This implementation for πa1,...,an has an interesting side
effect. Our compiler emits the description of a hardware cir-
cuit that is passed into a synthesizer to generate the actual
hardware configuration for the FPGA. The synthesizer op-
timizes out “dangling wires”, effectively implementing pro-
jection pushdown for free.

There is no actual work to do at runtime (though fields
are propagated into a new set of registers). Latency and
issue rate of this implementation for projection are both 1.

4.3 Arithmetics and Boolean Operations

As indicated in Table 1, we use the generic �○a:(b1,b2) op-
erator to represent arithmetic computations, value compar-
isons or Boolean connectives in relational plans. The in-
stance

=○a:(b1,b2)(q) ,

e.g., will emit all fields in q, extended by a new field a that
contains the outcome of b1 = b2.

This semantics directly translates into an implementation
in logic (we saw a similar circuit a moment ago):
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Most simple arithmetic or Boolean operations will run within
a single clock cycle. More complex tasks, such as multipli-
cation/division, or floating-point arithmetics, may require
additional latency. Sometimes, the actual circuit that im-
plements � can be tuned within the trade-offs latency, is-
sue rate, and chip space consumption. If the latency of � is
greater than one, delay operators have to be introduced to
synchronize the operator output with the remaining fields
(as shown before in Section 4.1.2).

Example. With the rules we have seen so far, we can now
translate our first example query into a hardware circuit. In
Figure 4, we illustrated the circuit that results from applying
our compilation rules to Query Q1.

The hardware circuit quite literally reflects the shape of
the algebraic plan. Each of the operators can individually
operate in a single cycle (i.e., have latency and issue rates
of one). Since all plan operators are applied sequentially,
latencies add up and the circuit in Figure 4 has an overall
latency of three. By contrast, the issue rate of a pipelined
execution plan is determined by its slowest sub-plan. Since

入出力制御機能が必要算術/論理演算機能が必要

パスの切り替え機能が必要

共通項をくくりだしてリソース使用率を向上させる
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他の動的再構成可能プロセッサとの違い

窓演算に対応する入出力制御

データの集合に対する操作が必要

複数データの流れの切り替え操作

データの演算だけではない(v.s. フィルタ)
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ADRES, FE-GA, DRP, DAP-DNAなどとの違い

スイッチボックスおよび
ストリーム入出力制御器でサポート
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DR-SPE プロセッサアーキテクチャ
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基本的な演算をサポートする
単位演算ユニット

所望のユニット接続を実現する
スイッチボックス

ストリーム入出力を制御する
ストリーム入出力制御器
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単位演算ユニット

26

算ユニットで構成される．単位演算ユニット同士はス
イッチボックスによって接続される．複数の単位演算
ユニットは，単位演算ユニットブロックにまとめられ
る．ストリーム入出力制御器は，各ブロックに一つず
つある．各単位演算ユニットブロック内では，ストリー
ムの入出力は統括的に制御される．すなわち，同じブ
ロック内では，あるユニットの出力を許可し，あるユ
ニットの出力を禁止するといった，連携したストリー
ム入出力処理ができる．スイッチボックスでは，単位
演算ユニット間の接続を静的に決定するだけではなく，
サイクルによって複数の入力を動的に切り換えられる．
これにより，その時々に応じてパスを変更する適応的
な処理も実現可能である．

DR-SPEのアーキテクチャは前述の設計課題を解決
するために次の特徴を持つ．
• 各構成要素では，単一サイクルの処理のみをサ
ポート

• データバス幅は固定で，コンパイラによってスケ
ジューリング
提案アーキテクチャを構成する単位演算ユニットと
制御機構では，単一サイクルで処理できる演算のみを
サポートする．複雑な演算処理が必要な場合には，複
数の構成要素を組み合わせることで実現する．従って
DR-SPE上に構成されるクエリのハードウェアリソー
ス使用率は高くなる．所望の処理を単一サイクルの処
理に分割する場合，処理に必要なレイテンシは増加す
るが，処理は必ず 1サイクルで完了するため，最大ス
ループットとして 1tuple/サイクルを保証できる．ま
た，細粒度の構成要素では回路中の信号遅延を小さく
抑えられ，最高動作周波数を高く保てる．
また，ハードウェアリソース使用量を抑えるために，

DR-SPEを構成する構成要素のデータバス幅は，入力
されるストリームデータと演算結果を保持するフィー
ルドによる，固定幅としている．複数の値をユニット
間で共有する必要がある場合，コンパイラが，固定さ
れたフィールド内での使用位置をスケジューリングす
る．このことにより，配線を柔軟に変更できるハード
ウェア機構を備えなければならないという制約を回避
している．
上記に加えて，単位演算ユニットの処理内容を単一
サイクルで実行可能な処理に制限することと，データ
バス幅が固定であることにより，DR-SPEに設定しな
ければならない構成内容を表現するデータ量が小さく
まとめられる．従って，処理の実現に必要なパラメタ
が少なくなり，再構成にかかる時間を短縮できる．
所望の処理を細粒度の演算を組み合わせることで
実現する動的再構成可能プロセッサの従来研究には，
FE-GA5) や ADRES6) などがある．これらの多くは
信号処理などを対象にしている為，処理におけるデー
タのパスは単純に構成できる．
一方で，ストリームデータ処理では，Union，Win-

dowing，そしてGroupingといった，複数の処理を統

tuple

selector

&

ALU

config

tuple result en

variable

&

&
clear

’0’ result en eoseis

図 7 単位演算ユニット

表 3 単位演算ユニットで実現可能な演算
種別 演算
算術演算 和，差，+1，-1

シフト 左 1bit シフト (ローテート有/無),

右 1bit シフト (ローテート有/無)

論理演算 論理積，論理和，排他的論理和，否定
比較 ==，>，>=, ! =

括しなければならない処理や，Aggregationのように
単純な処理として展開することが困難な演算を数多く
含む．従って，ストリームデータ処理を効率良く実行
するには，ストリームを制御する機構が必要になる．
このため，DR-SPEは，ストリームデータ処理エンジ
ンを構成するために，十分に細かい粒度の単位演算ユ
ニットとストリーム制御機構を兼ね備える．
本節では，まず，単位演算ユニット，スイッチボッ
クスおよびストリーム入出力制御器についてそれぞれ
説明する．これら 3つの機能ユニットで実現される機
能には重複がない．また，定義した構成要素を組み合
わせることで Streams on WiresのAlgebraと同等の
演算機能を実現できることを示す．

3.2.1 単位演算ユニット
図 7に単位演算ユニット (Operation Unit)のアー
キテクチャを示す． 各単位演算ユニットの入出力は，
処理の対象となるタプル (tuple)と演算結果を格納す
るフィールド (result)，および，その信号が有効であ
ることを示すフラグ (en)で構成される．resultは固定
長のビット列として，この単位演算ユニットが FPGA
上に合成される時点で決定される．タプルは対象デー
タに対して固定長で与えられる．すなわち，単位演算
ユニットの入出力のデータ幅は固定である．
各単位演算ユニットは，基本的な演算を行うための

ALUを一つ持つ．このALUで実行可能な演算を表 3
に示す．これらの演算を実装する回路の信号遅延は充
分小さい．従って，すべての単位演算ユニットの処理
を 1サイクルで完了できる．

算術/論理演算

入力データから演算対象
ワードを選択可能

出力データとする値の選択
スルー or 演算結果

aggregation/対定数演算用の
内部変数レジスタ 算術/論理演算の実現

加減算，比較など15種

レジスタ
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Operation
Unit

Operation
Unit

Operation
Unit

Operation
Unit

Operation
Unit

Operation
Unit

Operation
Unit

図 8 スイッチボックスによる単位演算ユニットの接続

ALUへの入力は，selectorによって，ALUの演算
bit 長で分割したタプル上の指定した bit 列，result，
en および内部変数 variable の候補から選択される．
演算結果は，タプル，result，en，および variableの
いずれにも出力可能である．各フィールドへの出力は
演算結果と入力値とのマルチプレクサによって選択で
きる．
また，単位演算ユニットに対する入出力を，強制
的に制御可能な eis(enable input stream) および
eos(enable output stream) 入力を備える．eis およ
び eosが’0’!1の時，強制的に入力/出力信号の enが’0’
に設定され，データは無効にされる．

3.2.2 スイッチボックス
スイッチボックスは，第 3.2.1節で述べた単位演算
ユニット同士の接続関係を保持する．スイッチボック
スを介して，ある単位演算ユニットの入力は，その 7
方向!2に接続された単位演算ユニットの出力のいずれ
かを受けることができる (図 8)． どの方向からの入
力を受けとるかは，設定によって，静的に固定するか，
あるいは，指定した 2方向からの入力を切り換えて与
えるか，指定する．入力を切り換えて与える場合，そ
のタイミングはカウンタによって指定されたタイミン
グで自動的に切り換えられる．
アーキテクチャの詳細を図 9に示す．valueA，val-

ueB，selA，selBの値は実行時に設定される．selAお
よび selBが出力対象とすべき入力ポートの選択に相
当する．valueAおよび valueBは，selAと selBの設
定を有効にする期間を設定する値である．カウンタが
valueA(あるいは valueB)とマッチすると，出力する
ポートは selAで指定したポートから selBで指定した
ポート (あるいは selBで指定したポートから selAで
指定したポート)へ切り換えられる．

3.2.3 ストリーム入出力制御器
単位演算ユニットにより所望の処理がデータに対し

!1 ’0’ および’1’ は 1bit の信号がそれぞれ 0 あるいは 1 であるこ
とを表わす．

!2 各種クエリ処理を行うために十分な数であり，「接続しない」を
入れても 3bit で定義できるため．
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て適用でき，スイッチボックスにより単位演算ユニッ
ト同士のデータ授受関係を自由に決定できることを述
べた．一方，Aggregationでは入力データをあるタイ
ミングまで加算するなどという処理が必要である．こ
の処理を実現するためには，他の単位演算ユニットの
結果によって，カウンタ動作を行うユニットのデータ
出力を制御する必要がある．また，Windowingおよ
び Groupingを実現するためには，単に個々のデータ
を処理するだけではなく，複数の演算結果からの出力
の選択や，不要なデータの入力を制限するといった複
数の単位演算ユニットを連携させる処理が必要になる．
入出力を制限する機能は，単位演算ユニットの eis
と eosによって提供される．従って，eisあるいは eos
を外部から制御できる機構があればよい．提案アーキ
テクチャでは，この仕組みをストリーム入出力制御器
で提供する．図 10および図 11にストリーム入出力
制御器を示す．これらは，一つの単位演算ユニットブ
ロックに属する単位演算ユニット群の eis および eos
を制御する．ブロック内の単位演算ユニットはそれぞ
れを識別するためのインデックスが付与されている．

eis制御の入力は，カウンタのデマルチプレクサ (DE-
MUX)出力，CAM データのデマルチプレクサ出力，
入力データの resultあるいは’1’の 4候補のいずれか
になる．ただし，カウンタの最大値に設定した値以上
のインデックスが付与されている単位演算ユニットへ
の eisは必ず’1’に設定される．つまり，最大値が 0 の
場合には，入力データの有効/無効フラグは，常に入
力データ中の enに従う．eisへの出力結果は反転，非
反転信号のいずれかを選択できる．CAMは LUTを
利用して実装され非同期で読み出すことができるが，
実装にかかるコストが大きいため DR-SPE中に実装
可能な個数は制限される．

eos制御の入力には，カウンタのデマルチプレクサ
出力，入力データの resultおよび’1’の 3候補のいず
れかを選ぶことができる．eis の制御と同様に，カウ
ンタの最大値に設定した値以上のインデックスが付与
された単位演算ユニットへの eos は必ず’1’ に設定さ
れる．eosへの出力結果は反転，非反転信号のいずれ
かを選択できる．
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図 8 スイッチボックスによる単位演算ユニットの接続

ALUへの入力は，selectorによって，ALUの演算
bit 長で分割したタプル上の指定した bit 列，result，
en および内部変数 variable の候補から選択される．
演算結果は，タプル，result，en，および variableの
いずれにも出力可能である．各フィールドへの出力は
演算結果と入力値とのマルチプレクサによって選択で
きる．
また，単位演算ユニットに対する入出力を，強制
的に制御可能な eis(enable input stream) および
eos(enable output stream) 入力を備える．eis およ
び eosが’0’!1の時，強制的に入力/出力信号の enが’0’
に設定され，データは無効にされる．

3.2.2 スイッチボックス
スイッチボックスは，第 3.2.1節で述べた単位演算
ユニット同士の接続関係を保持する．スイッチボック
スを介して，ある単位演算ユニットの入力は，その 7
方向!2に接続された単位演算ユニットの出力のいずれ
かを受けることができる (図 8)． どの方向からの入
力を受けとるかは，設定によって，静的に固定するか，
あるいは，指定した 2方向からの入力を切り換えて与
えるか，指定する．入力を切り換えて与える場合，そ
のタイミングはカウンタによって指定されたタイミン
グで自動的に切り換えられる．
アーキテクチャの詳細を図 9に示す．valueA，val-

ueB，selA，selBの値は実行時に設定される．selAお
よび selBが出力対象とすべき入力ポートの選択に相
当する．valueAおよび valueBは，selAと selBの設
定を有効にする期間を設定する値である．カウンタが
valueA(あるいは valueB)とマッチすると，出力する
ポートは selAで指定したポートから selBで指定した
ポート (あるいは selBで指定したポートから selAで
指定したポート)へ切り換えられる．

3.2.3 ストリーム入出力制御器
単位演算ユニットにより所望の処理がデータに対し

!1 ’0’ および’1’ は 1bit の信号がそれぞれ 0 あるいは 1 であるこ
とを表わす．

!2 各種クエリ処理を行うために十分な数であり，「接続しない」を
入れても 3bit で定義できるため．
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べた．一方，Aggregationでは入力データをあるタイ
ミングまで加算するなどという処理が必要である．こ
の処理を実現するためには，他の単位演算ユニットの
結果によって，カウンタ動作を行うユニットのデータ
出力を制御する必要がある．また，Windowingおよ
び Groupingを実現するためには，単に個々のデータ
を処理するだけではなく，複数の演算結果からの出力
の選択や，不要なデータの入力を制限するといった複
数の単位演算ユニットを連携させる処理が必要になる．
入出力を制限する機能は，単位演算ユニットの eis
と eosによって提供される．従って，eisあるいは eos
を外部から制御できる機構があればよい．提案アーキ
テクチャでは，この仕組みをストリーム入出力制御器
で提供する．図 10および図 11にストリーム入出力
制御器を示す．これらは，一つの単位演算ユニットブ
ロックに属する単位演算ユニット群の eis および eos
を制御する．ブロック内の単位演算ユニットはそれぞ
れを識別するためのインデックスが付与されている．

eis制御の入力は，カウンタのデマルチプレクサ (DE-
MUX)出力，CAM データのデマルチプレクサ出力，
入力データの resultあるいは’1’の 4候補のいずれか
になる．ただし，カウンタの最大値に設定した値以上
のインデックスが付与されている単位演算ユニットへ
の eisは必ず’1’に設定される．つまり，最大値が 0 の
場合には，入力データの有効/無効フラグは，常に入
力データ中の enに従う．eisへの出力結果は反転，非
反転信号のいずれかを選択できる．CAMは LUTを
利用して実装され非同期で読み出すことができるが，
実装にかかるコストが大きいため DR-SPE中に実装
可能な個数は制限される．

eos制御の入力には，カウンタのデマルチプレクサ
出力，入力データの resultおよび’1’の 3候補のいず
れかを選ぶことができる．eis の制御と同様に，カウ
ンタの最大値に設定した値以上のインデックスが付与
された単位演算ユニットへの eos は必ず’1’ に設定さ
れる．eosへの出力結果は反転，非反転信号のいずれ
かを選択できる．

7方向の接続をサポート

周期的な接続元の選択を実現

どちらからのソースをスルー

ソースを切り替える期間を設定
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ストリーム入出力制御器
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tuple result en
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& & &

config init

eis/eosの出力を決定する
ソースを選択

クロックあるいは入力データによってeis/eosを
周期的な切り替えを実現
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クエリコンパイラ

与えられたクエリをAlgebra集合に分解

Algebraのデータ授受関係をグラフ化

AlgebraをのDR-SPE中の各要素に割当

Grouping，Windowingは同一の単位演算
ユニットグループへ

各要素の設定値を決定する

29

所望のクエリをDR-SPE上に構成する
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設計したDR-SPEの評価

HWリソースの増加量

最大動作周波数の低下量(→ 処理性能)

再構成時間

30
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HWリソース/信号遅延の評価環境
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UBSNを含むデータを
選択している

FPGAコンフィギュレーション用JTAG

デバッグコンソール用入出力

Ethernet

FPGA: Xilinx XC6VLX240T

ML605

たとえばMIPSプロセッサなら
30-50個くらい入る

FPGA上への合成により評価
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合成結果(HWリソース量と信号遅延)
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対象とするDR-SPEの構成対象とするDR-SPEの構成

Tuple bit width 96 bit
Operator bit width 32 bit
#. of units in a block 8
#. of max union ways 8

単位演算ユニット単位演算ユニット

#. of Slice Registers 181
#.of Slice LUTs 483

スイッチボックススイッチボックス

#. of Slice Registers 22
#.of Slice LUTs 285

ストリーム入出力制御器ストリーム入出力制御器

#. of Slice Registers 24
#.of Slice LUTs 74

最大動作周波数: 172.1MHz

10x10のDR-SPEのハードウェア使用量10x10のDR-SPEのハードウェア使用量10x10のDR-SPEのハードウェア使用量

#. of Slice Registers 20,038 6%
#. of slice LUTs 88,421 56%
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FPGAへのクエリの直接構成時との比較
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2 ストリーム処理エンジン向け動的再構成可能プロセッサアーキテクチャの設計

UBSTrades

πPrice,Volume

σa

=○a:(Symbol,"UBSN")

Trades

(a) Query Q1

LargeUBSTrades

πPrice,Volume

σc

∧○c:(a,b)

>○b:(Volume,100000)

=○a:(Symbol,"UBSN")

Trades

(b) Query Q2

NumUBSTrades

�time
x|600,60

Trades countNumber

σa

=○a:(Symbol,"UBSN")

x

(c) Query Q3

WeightedUBSTrades

�tuple
x|4,1

σa

=○a:(Symbol,"UBSN")

Trades

wsumWPrice:(Price,[··· ])

x

(d) Query Q4

PriceAverages

�time
x|600,60

Trades grpy|Symbol

x avgAvgPrice:Price

y

(e) Query Q5

図 1 Streams on Wires1) に例として挙げられているクエリ (文献 1) より引用)

Fig. 1 Sample queries listed in Streams on Wires1) as example (from 1))

表 1 各クエリの合成と配置配線にかかる時間
Table 1 Time for synthesis and place & route for each of sample queries

クエリ コンパイル時間 (秒)

Q1 171.18

Q2 174.17

Q3 181.33

Q4 177.07

Q5 179.75

HDLから FPGA上で実行可能な回路情報を構成するには，合成と配置配線が必要であ
る．2.80GHzで動作する CoreTM i7 860，メモリ搭載量 8GiBの Linux(Fedora 13)計算機
上で，Xilinx ISE 12.1を用いて図 1に示す Q1から Q5のクエリの合成および配置配線を
したとき，表 1に示す時間（約 3分）を我々の実験環境では要した!1．さらに，JTAGを用
いる FPGAへの構成情報のダウンロードには，約 1分ほどを必要とする．従って Streams

on Wiresの方式では，頻繁な新規クエリの登録や動的クエリ最適化の実現は困難である．
そこで本稿では，SPEを構成するビルディングブロックをあらかじめハードウェア上に
構築する方式を提案する．この方式では，構成時間が数十～数百μ秒程度まで短縮されるた
め，頻繁な新規クエリの登録や動的クエリ最適化の適用が可能になる．この方式を採用した
SPEを，本論文では動的再構成可能ストリーム処理エンジン (DR-SPE)と表記する．

DR-SPEの設計においては以下の課題が現れる．まず，想定する処理内容をカバーする

!1 複雑な回路の場合には合成時間が増加する．たとえば，囲碁専用ハードウェアなどでは，3 時間以上のコンパイ
ル時間が必要な場合がある．

ための単位演算ユニットやデータ授受を効率的に実行するためのユニット間接続機構などの
演算構成要素が求められる．次に，再構成を可能にするために必要となる使用リソース量や
信号遅延の増加を最小化するという，容易ではない実装方式が求められる．さらに，再構成
の情報を動的に生成するために，短時間で最適化されたコードを生成可能なコンパイラ技術
が求められる．
本稿ではDR-SPEの実現を目指し，プロセッサアーキテクチャ設計およびクエリコンパイ
ラの初期検討を行う．まず，DR-SPEを構成する演算構成要素について検討する．さらに，
検討した演算構成要素により，Streams on Wiresの Algebraを実現できることを示す．ま
た，提案するアーキテクチャを FPGA上に実装した場合の回路規模および信号遅延を示す．
本稿の構成は次の通りである．第 2節で本研究の対象であるストリームデータ処理につ
いて述べる．第 3節では，DR-SPEの設計課題と提案アーキテクチャを述べ，提案アーキ
テクチャが Streams on Wiresと同等の処理機能を有することを示す．第 4節では提案アー
キテクチャ上にクエリを実現するために必要なクエリコンパイラについて述べる．第 5節
では，提案アーキテクチャの評価として FPGA上に実装した場合のハードウェアリソース
量および信号遅延，ならびに再構成時間の見積りを示す．最後に第 6節ではまとめと今後の
課題を述べる．

2. ストリームデータ処理
各種センサデータ，Twitter，Ustream，実時間株価情報配信，移動体位置データ，監視
カメラ等，実世界の状況を連続的に配信する情報源が多数出現している．このような情報源
により配信されるデータをストリームデータと表記する．ストリームデータは頻繁に生成さ
れる．東京証券取引所では 2ms 程度で株価を生成し，ルータは 300Tbps 程度でデータを
生成し，一般的な産業用ロボットは 1ms 周期でモータ制御に関するデータを生成する．一
方，データ生成レートは低くても，データ生成総量が大きい場合もある．例えば，カメラは
1 秒間に 30 枚程度の画像データを生成するのみだが，監視カメラの数は増加の一途を辿っ
ている．
ストリームデータ処理において最も重要な研究課題の一つに，大規模ストリームデータに
対する高性能化がある．ハードウェア的な観点から高性能化を実現する技術として，FPGA

を用いてストリームデータ処理を高性能化する研究が行われてきた1)3)4)．
一方，アルゴリズム的な観点から高性能化を実現するために重要な役割を果たす技術とし
て，動的クエリ最適化5)6) がある．これは，選択演算，結合演算，射影演算などの関係演算

情報処理学会論文誌 Vol. 0 1–15 (??? 1959) c© 1959 Information Society of Japan

v.s.

最大動作周波数: 約200MHz 最大動作周波数: 172.1MHz
= 19200Mbps = 16521Mbps

FPGA上に直接構成した場合FPGA上に直接構成した場合
Query レジスタ数/LUT数
Q1 202/8
Q2 270/10
Q3 585/272
Q4 698/283

DR-SPE上に構成した場合DR-SPE上に構成した場合DR-SPE上に構成した場合
Query ユニット数 レジスタ数/LUT数
Q1 2 362/966
Q2 4 724/1932
Q3 11 1991/5313
Q4 15 2715/7254
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動的再構成にかかる時間
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構成要素を設定するために必要なデータサイズ

= 85bit/単位演算ユニット

算ユニットで構成される．単位演算ユニット同士はス
イッチボックスによって接続される．複数の単位演算
ユニットは，単位演算ユニットブロックにまとめられ
る．ストリーム入出力制御器は，各ブロックに一つず
つある．各単位演算ユニットブロック内では，ストリー
ムの入出力は統括的に制御される．すなわち，同じブ
ロック内では，あるユニットの出力を許可し，あるユ
ニットの出力を禁止するといった，連携したストリー
ム入出力処理ができる．スイッチボックスでは，単位
演算ユニット間の接続を静的に決定するだけではなく，
サイクルによって複数の入力を動的に切り換えられる．
これにより，その時々に応じてパスを変更する適応的
な処理も実現可能である．

DR-SPEのアーキテクチャは前述の設計課題を解決
するために次の特徴を持つ．
• 各構成要素では，単一サイクルの処理のみをサ
ポート

• データバス幅は固定で，コンパイラによってスケ
ジューリング
提案アーキテクチャを構成する単位演算ユニットと
制御機構では，単一サイクルで処理できる演算のみを
サポートする．複雑な演算処理が必要な場合には，複
数の構成要素を組み合わせることで実現する．従って
DR-SPE上に構成されるクエリのハードウェアリソー
ス使用率は高くなる．所望の処理を単一サイクルの処
理に分割する場合，処理に必要なレイテンシは増加す
るが，処理は必ず 1サイクルで完了するため，最大ス
ループットとして 1tuple/サイクルを保証できる．ま
た，細粒度の構成要素では回路中の信号遅延を小さく
抑えられ，最高動作周波数を高く保てる．
また，ハードウェアリソース使用量を抑えるために，

DR-SPEを構成する構成要素のデータバス幅は，入力
されるストリームデータと演算結果を保持するフィー
ルドによる，固定幅としている．複数の値をユニット
間で共有する必要がある場合，コンパイラが，固定さ
れたフィールド内での使用位置をスケジューリングす
る．このことにより，配線を柔軟に変更できるハード
ウェア機構を備えなければならないという制約を回避
している．
上記に加えて，単位演算ユニットの処理内容を単一
サイクルで実行可能な処理に制限することと，データ
バス幅が固定であることにより，DR-SPEに設定しな
ければならない構成内容を表現するデータ量が小さく
まとめられる．従って，処理の実現に必要なパラメタ
が少なくなり，再構成にかかる時間を短縮できる．
所望の処理を細粒度の演算を組み合わせることで
実現する動的再構成可能プロセッサの従来研究には，
FE-GA5) や ADRES6) などがある．これらの多くは
信号処理などを対象にしている為，処理におけるデー
タのパスは単純に構成できる．
一方で，ストリームデータ処理では，Union，Win-

dowing，そしてGroupingといった，複数の処理を統

tuple

selector

&

ALU

config

tuple result en
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&

&
clear

’0’ result en eoseis

図 7 単位演算ユニット

表 3 単位演算ユニットで実現可能な演算
種別 演算
算術演算 和，差，+1，-1

シフト 左 1bit シフト (ローテート有/無),

右 1bit シフト (ローテート有/無)

論理演算 論理積，論理和，排他的論理和，否定
比較 ==，>，>=, ! =

括しなければならない処理や，Aggregationのように
単純な処理として展開することが困難な演算を数多く
含む．従って，ストリームデータ処理を効率良く実行
するには，ストリームを制御する機構が必要になる．
このため，DR-SPEは，ストリームデータ処理エンジ
ンを構成するために，十分に細かい粒度の単位演算ユ
ニットとストリーム制御機構を兼ね備える．
本節では，まず，単位演算ユニット，スイッチボッ
クスおよびストリーム入出力制御器についてそれぞれ
説明する．これら 3つの機能ユニットで実現される機
能には重複がない．また，定義した構成要素を組み合
わせることで Streams on WiresのAlgebraと同等の
演算機能を実現できることを示す．

3.2.1 単位演算ユニット
図 7に単位演算ユニット (Operation Unit)のアー
キテクチャを示す． 各単位演算ユニットの入出力は，
処理の対象となるタプル (tuple)と演算結果を格納す
るフィールド (result)，および，その信号が有効であ
ることを示すフラグ (en)で構成される．resultは固定
長のビット列として，この単位演算ユニットが FPGA
上に合成される時点で決定される．タプルは対象デー
タに対して固定長で与えられる．すなわち，単位演算
ユニットの入出力のデータ幅は固定である．
各単位演算ユニットは，基本的な演算を行うための

ALUを一つ持つ．このALUで実行可能な演算を表 3
に示す．これらの演算を実装する回路の信号遅延は充
分小さい．従って，すべての単位演算ユニットの処理
を 1サイクルで完了できる．
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Operation
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Operation
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図 8 スイッチボックスによる単位演算ユニットの接続

ALUへの入力は，selectorによって，ALUの演算
bit 長で分割したタプル上の指定した bit 列，result，
en および内部変数 variable の候補から選択される．
演算結果は，タプル，result，en，および variableの
いずれにも出力可能である．各フィールドへの出力は
演算結果と入力値とのマルチプレクサによって選択で
きる．
また，単位演算ユニットに対する入出力を，強制
的に制御可能な eis(enable input stream) および
eos(enable output stream) 入力を備える．eis およ
び eosが’0’!1の時，強制的に入力/出力信号の enが’0’
に設定され，データは無効にされる．

3.2.2 スイッチボックス
スイッチボックスは，第 3.2.1節で述べた単位演算
ユニット同士の接続関係を保持する．スイッチボック
スを介して，ある単位演算ユニットの入力は，その 7
方向!2に接続された単位演算ユニットの出力のいずれ
かを受けることができる (図 8)． どの方向からの入
力を受けとるかは，設定によって，静的に固定するか，
あるいは，指定した 2方向からの入力を切り換えて与
えるか，指定する．入力を切り換えて与える場合，そ
のタイミングはカウンタによって指定されたタイミン
グで自動的に切り換えられる．
アーキテクチャの詳細を図 9に示す．valueA，val-

ueB，selA，selBの値は実行時に設定される．selAお
よび selBが出力対象とすべき入力ポートの選択に相
当する．valueAおよび valueBは，selAと selBの設
定を有効にする期間を設定する値である．カウンタが
valueA(あるいは valueB)とマッチすると，出力する
ポートは selAで指定したポートから selBで指定した
ポート (あるいは selBで指定したポートから selAで
指定したポート)へ切り換えられる．

3.2.3 ストリーム入出力制御器
単位演算ユニットにより所望の処理がデータに対し

!1 ’0’ および’1’ は 1bit の信号がそれぞれ 0 あるいは 1 であるこ
とを表わす．

!2 各種クエリ処理を行うために十分な数であり，「接続しない」を
入れても 3bit で定義できるため．
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図 9 スイッチボックスのアーキテクチャ

て適用でき，スイッチボックスにより単位演算ユニッ
ト同士のデータ授受関係を自由に決定できることを述
べた．一方，Aggregationでは入力データをあるタイ
ミングまで加算するなどという処理が必要である．こ
の処理を実現するためには，他の単位演算ユニットの
結果によって，カウンタ動作を行うユニットのデータ
出力を制御する必要がある．また，Windowingおよ
び Groupingを実現するためには，単に個々のデータ
を処理するだけではなく，複数の演算結果からの出力
の選択や，不要なデータの入力を制限するといった複
数の単位演算ユニットを連携させる処理が必要になる．
入出力を制限する機能は，単位演算ユニットの eis
と eosによって提供される．従って，eisあるいは eos
を外部から制御できる機構があればよい．提案アーキ
テクチャでは，この仕組みをストリーム入出力制御器
で提供する．図 10および図 11にストリーム入出力
制御器を示す．これらは，一つの単位演算ユニットブ
ロックに属する単位演算ユニット群の eis および eos
を制御する．ブロック内の単位演算ユニットはそれぞ
れを識別するためのインデックスが付与されている．

eis制御の入力は，カウンタのデマルチプレクサ (DE-
MUX)出力，CAM データのデマルチプレクサ出力，
入力データの resultあるいは’1’の 4候補のいずれか
になる．ただし，カウンタの最大値に設定した値以上
のインデックスが付与されている単位演算ユニットへ
の eisは必ず’1’に設定される．つまり，最大値が 0 の
場合には，入力データの有効/無効フラグは，常に入
力データ中の enに従う．eisへの出力結果は反転，非
反転信号のいずれかを選択できる．CAMは LUTを
利用して実装され非同期で読み出すことができるが，
実装にかかるコストが大きいため DR-SPE中に実装
可能な個数は制限される．

eos制御の入力には，カウンタのデマルチプレクサ
出力，入力データの resultおよび’1’の 3候補のいず
れかを選ぶことができる．eis の制御と同様に，カウ
ンタの最大値に設定した値以上のインデックスが付与
された単位演算ユニットへの eos は必ず’1’ に設定さ
れる．eosへの出力結果は反転，非反転信号のいずれ
かを選択できる．
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