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PROJECTION OPTICAL SYSTEM , the light path of an imaging light beam forming a projected 
MAGNIFICATION PROJECTION OPTICAL image as much as possible in the projector image projection 
SYSTEM , MAGNIFICATION PROJECTION apparatus ) . The following patent - related documents disclose 
APPARATUS , AND IMAGE PROJECTION image projection apparatuses employing such technique . 

APPARATUS Japanese Laid - Open Patent Application No. 2002-40326 
( Prior Art 1 ) discloses an image projection apparatus includ 
ing first through fourth reflecting mirrors to obtain a wider 

Matter enclosed in heavy brackets [ ] appears in the angle of view while preventing an imaging optical system 
original patent but forms no part of this reissue specifica from becoming larger in size . The first reflecting mirror has 
tion ; matter printed in italics indicates the additions 10 a concave shape and each of the second through fourth 
made by reissue ; a claim printed with strikethrough reflecting mirrors has a convex shape . The imaging optical 
indicates that the claim was canceled , disclaimed , or held system is composed of the first through fourth reflecting 
invalid by a prior post - patent action or proceeding . mirrors . At least one of the first through fourth reflecting 

mirrors has a free - form surface so as to ensure projection 
15 performance . 

[ The present application ] More than one reissue applica Japanese Laid - Open Patent Application No. 2002-174853 
tion has been filed for U.S. Pat . No. 7,922,341 . The present ( Prior Art 2 ) discloses an image projection apparatus that is 
reissue application , Reissue U.S. application Ser . No. a surface projection type display whose projection distance 
14 / 803,988 filed Jul . 20 , 2015 , Reissue U.S. application Ser . to a screen is reduced . The surface projection type display 
No. 13 / 973,783 filed Aug. 22 , 2013 and Reissue U.S. appli- 20 includes an imaging optical system composed of a pair of a 
cation Ser . No. 13 / 861,124 filed Apr. 11 , 2013 are reissue concave mirror and a convex mirror having divergence 
applications of U.S. application Ser . No. 12 / 582,363 , filed action and a projection lens . 
Oct. 20 , 10 , now U.S. Pat . No. 7,922,341 . The present Japanese Examined Patent Application Publication No. 
application is a continuation reissue of Reissue U.S. appli 6-91641 ( Prior Art 3 ) discloses an image projection appa 
cation Ser . No. 14 / 803,988 filed Jul . 20 , 2015 , which is a 25 ratus that is a video projector . The first mirror surface of the 
continuation reissue of Reissue U.S. application Ser . No. imaging optical system of the video projector has a convex 
13 / 973,783 filed Aug. 22 , 2013 , which is a continuation shape so as to reduce the thickness of the video projector . 
reissue of Reissue U.S. application Ser . No. 13 / 861,124 filed The image projection methods of Prior Art 1 and 3 
Apr. 11 , 2013 , which is a reissue of U.S. Pat . No. 7,922,341 , perform image formation using only one or more reflecting 
which is a continuation of U.S. application Ser . No. 12/233 , 30 mirrors to magnify and project a single lightbulb image on 
653 filed on Sep. 19 , 2008 , now U.S. Pat . No. 7,631,975 , a screen . Therefore , these image projection methods enjoy 
which is a divisional of U.S. application Ser . No. 11 / 345,493 the merit of no generation of chromatic aberration in prin 
filed on Feb. 2 , 2006 , now U.S. Pat . No. 7,441,908 , which ciple . In the case of displaying images of red , green , and blue 
is a divisional of U.S. application Ser . No. 10 / 771,523 filed separately , using three lightbulbs instead of a single light 
on Feb. 5 , 2004 , now U.S. Pat . No. 7,048,388 [ , and in turn 35 bulb , and combining the separate images on a screen , the 
claims ] . These application claim priority to JP 2003-029595 intervention of a color combining part such as a cross prism 
filed on Feb. 6 , 2003 , JP 2003-029602 filed on Feb. 6 , 2003 , or a Philips prism is necessary , thus resulting in the genera 
and JP 2003-409304 filed on Dec. 8 , 2003 [ , the entire tion of chromatic aberration at the time of combining colors . 
contents of each of which are hereby incorporated herein by However , the imaging optical system composed of only 
reference ) . 40 reflecting surfaces cannot correct chromatic aberration . 

According to an image projection apparatus disclosed in 
BACKGROUND OF THE INVENTION Japanese Laid - Open Patent Application No. 2001-264627 

( Prior Art 4 ) , each light beam from an image display panel 
1. Field of the Invention is guided to a screen successively by the positive - power 
The present invention relates to a projection optical 45 imaging lens system and the reflection optical system 

system , a magnification projection optical system , a mag including a negative - power curved surface mirror of a 
nification projection apparatus , and an image projection magnification projection optical system to be focused onto 
apparatus . the screen . 

2. Description of the Related Art The screen and the imaging lens system are set so that the 
Liquid crystal projectors are widely known as image 50 height of the screen is offset from the height of the imaging 

projection apparatuses . In these days , the liquid crystal lens system . The light beams are reflected back from the 
projectors have employed liquid crystal panels with higher mirror to be guided to the screen . Therefore , the optical path 
resolution , have enjoyed improved brightness due to higher length of the imaging light beam differs between the upper 
efficiencies of light source lamps , and have become less side and the lower side of the center part of the magnified 
expensive . 55 projected image on the screen ( corresponding to the center 

Further , small , light - weight image projection apparatuses part of the image display panel ) , thus resulting in the 
using a DMD ( Digital Micromirror Device ) have been generation of a so - called “ trapezoidal distortion . ” 
widely used not only in offices and schools but also at home . The trapezoidal distortion is correctable by " keystone 
Particularly , the portability of front - type projectors has been correction , " which , however , is likely to degrade the quality 
improved so that they are also used in small meetings . 60 of the magnified image on the screen . 

It is desired that projectors , or image projection appara It is well known to provide a convex mirror between the 
tuses , be able to project a large - screen image . That is , it is imaging lens system and the screen so that the convex mirror 
desired to enlarge a projection screen . Further , it is also is decentered with respect to the optical axis of the imaging 
desired that a projection space required outside a projector lens system in order to reduce the trapezoidal distortion . In 
be reduced as much as possible . 65 the case of providing the convex mirror with decentration , 

In order to reduce the outside projection space while the convex mirror is provided on the imaging lens side of the 
enlarging the projection screen , it is desirable to incorporate screen - side focus position of the imaging lens system so as 
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to extend the focus position of a projection lens by the system , chromatic aberration is correctable using the chro 
negative refracting power of the convex mirror . matic dispersion characteristic even in the case of employing 

In order to realize a low - profile , large - screen magnifica a color composite prism . Further , since the optical path of 
tion projection apparatus with the above - described configu imaging light beams is folded back by a reflecting surface of 
ration , the negative power of the convex mirror may be 5 the second optical system , the projection optical system can 
increased to widen an angle of view . This , however , requires be made compact . 
stricter shape accuracy and stricter assembly tolerance of the One or more of the above objects of the present invention 
convex mirror , and also increases distortion . are also achieved by an image projection apparatus that 

Distortion may be reduced by decreasing the refractive illuminates a lightbulb forming an image in accordance with power of the convex mirror by increasing the distance 10 a modulating signal with illumination light from a light between the imaging lens system and the convex mirror . As source , the image projection apparatus including : a projec the distance between the imaging lens system and the tion optical system , the projection optical system including convex mirror increases , however , the convex mirror first and second optical systems arranged along an optical becomes larger in size to increase its cost . Further , the magnification projection apparatus is also likely to become 15 path defining an upstream - downstream direction in an order 
larger in size . described from upstream to downstream on a downstream 

According to Japanese Laid - Open Patent Application No. side of the lightbulb , wherein the first optical system 
2002-296503 , a magnification projection optical system is includes at least one dioptric system and has positive power ; 
composed of only reflecting mirrors . In the case of thus the second optical system includes at least one reflecting 
obtaining desired optical performance without using a lens 20 surface having power and has positive power ; and the image 
optical system , it is necessary to set the surface formed by the lightbulb is formed as an intermediate image 
position accuracy of each reflecting surface to extremely in the optical path , and the intermediate image is magnified 
high values , thus requiring stricter assembly accuracy of the and projected by the projection optical system . 
magnification projection optical system . The above - described image projection apparatus can be 

25 made compact with a long optical path of image light beams 
SUMMARY OF THE INVENTION being provided in a space in the apparatus . As a result , a 

large - size image can be projected and displayed with a 
Accordingly , it is a general object of the present invention reduced projection space outside the apparatus . 

to provide a projection optical system , a magnification One or more of the above objects of the present invention 
projection optical system , a magnification projection appa- 30 are also achieved by a magnification projection optical 
ratus , and an image projection apparatus in which the system that guides a light beam from an image display panel 
above - described disadvantages are eliminated . to a screen in an upstream - downstream direction , projects 
A more specific object of the present invention is to the light beam from a direction inclined to a normal of the 

provide a projection optical system , a magnification projec screen , and forms on the screen a magnified version of an 
tion optical system , and a magnification projection apparatus 35 image displayed on the image display panel , the magnifi 
that can increase a projection screen in size , employ an cation projection optical system including : a reflection opti 
imaging optical system including a reflecting surface to cal system ; and a transmission optical system , wherein the 
reduce a projection space outside a projection apparatus , and reflection optical system includes a plurality of reflecting 
at the same time , correct chromatic aberration . surfaces having power and includes at least one rotationally 

Another more specific object of the present invention is to 40 asymmetric reflecting surface ; and the transmission optical 
provide an image projection apparatus including such a system includes a transmitting surface having refractive 
projection optical system . power and includes at least one aspheric surface . 

Yet another more specific object of the present invention One or more of the above objects of the present invention 
is to reduce the thickness of an image projection apparatus are also achieved by a magnification projection optical 
and perform projection on a large screen without distortion . 45 system that guides a light beam from an image display panel 
One or more of the above - described objects of the present to a screen in an upstream - downstream direction , projects 

invention are achieved by a projection optical system for use the light beam from a direction inclined to a normal of the 
in an image projection apparatus illuminating a lightbulb screen , and forms on the screen a magnified version of an 
forming an image in accordance with a modulating signal image displayed on the image display panel , the magnifi 
with illumination light from a light source , the projection 50 cation projection optical system including : a transmission 
optical system including first and second optical systems optical system including a plurality of transmitting surfaces ; 
arranged along an optical path defining an upstream - down a reflection optical system including a plurality of reflecting 
stream direction in an order described from upstream to surfaces ; and a diaphragm , wherein one of the reflecting 
downstream on a downstream side of the lightbulb , wherein surfaces , on which a light beam passing through the dia 
the first optical system includes at least one dioptric system 55 phragm is made incident first , has negative power . 
and has positive power ; the second optical system includes One or more of the above objects of the present invention 
at least one reflecting surface having power and has positive are also achieved by a magnification projection optical 
power ; and the image formed by the lightbulb is formed as system that guides a light beam from an image display panel 
an intermediate image in the optical path , and the interme to a screen in an upstream - downstream direction , projects 
diate image is magnified and projected . 60 the light beam from a direction inclined to a normal of the 

The above - described projection optical system includes a screen , and forms on the screen a magnified version of an 
first optical system and a second optical system . The image image displayed on the image display panel , wherein a 
formed by the lightbulb is formed as an intermediate image position and a shape of an intermediate image of the image 
in the optical path of the first and second optical systems , display panel formed with negative magnification by light 
and the intermediate image is further magnified and pro- 65 beams traveling from the image display panel to the screen 
jected . Accordingly , high projection magnification can be are substantially identical to a position and a shape , respec 
realized . Since the first optical system includes a dioptric tively , of an intermediate image of the screen formed with 
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negative magnification by light beams traveling from the image is temporarily formed as an intermediate image , and 
screen to the image display panel . thereafter , is formed as a normal image ; and with respect to 
The above - described magnification projection optical sys an optical axis of an optical element positioned at a furthest 

tems can project the image on the image display panel as a upstream end of the first optical system and having refrac 
large screen with little distortion . 5 tive power , at least one of other optical elements is shifted 
One or more of the above objects of the present invention or tilted . 

are also achieved by a magnification projection apparatus One or more of the above objects of the present invention 
that : displays an image on an image display panel ; illumi are also achieved by a projection optical system , including : 
nates the image display panel with light from a light source ; a first optical system including at least one dioptric system 
and by a magnification projection optical system , guides a 10 and having positive power ; and a second optical system 
light beam from the image display panel to a screen in an including one or more reflecting surfaces having power , the 
upstream - downstream direction , projects the light beam second optical system having positive power as a whole , 
from a direction inclined to a normal of the screen , and wherein the first and second optical systems are arranged 
forms on the screen a magnified version of the image along an optical path defining an upstream - downstream 
displayed on the image display panel , wherein : the magni- 15 direction in an order described from upstream to down 
fication projection optical system comprises a reflection stream on a downstream side of an object surface ; an object 
optical system and a transmission optical system ; the reflec image is temporarily formed as an intermediate image , and 
tion optical system includes a plurality of reflecting surfaces thereafter , is formed as a normal image ; and in the first 
having power and includes at least one rotationally asym optical system , with respect to an optical axis of one of 
metric reflecting surface ; and the transmission optical sys- 20 optical elements of the first optical system , which one is 
tem includes a transmitting surface having refractive power positioned at a furthest upstream end of the first optical 
and includes at least one aspheric surface . system and has refractive power , the other optical elements 
One or more of the above objects of the present invention are prevented from being tilted . 

are also achieved by a magnification projection apparatus According to the above - described projection optical sys 
that : displays an image on an image display panel ; illumi- 25 tems , the first optical system forms an intermediate image , 
nates the image display panel with light from a light source ; and the second optical system magnifies and projects the 
and by a magnification projection optical system , guides a intermediate image , thereby increasing the ( enlarging ) mag 
light beam from the image display panel to a screen in an nification of the composition of the optical systems . Since 
upstream - downstream direction , projects the light beam the first optical system includes a dioptric system , chromatic 
from a direction inclined to a normal of the screen , and 30 aberration is correctable using the chromatic dispersion 
forms on the screen a magnified version of the image characteristic even in the case of employing a color com 
displayed on the image display panel , wherein : the magni posite prism . Further , by causing lens elements forming the 
fication projection optical system comprises : a transmission dioptric system to be shifted or tilted , reverse distortion can 
optical system including a plurality of transmitting surfaces ; be generated effectively in the intermediate image so as to 
a reflection optical system including a plurality of reflecting 35 prevent distortion from occurring in the projected image . 
surfaces ; and a diaphragm , and one of the reflecting sur One or more of the above objects of the present invention 
faces , on which a light beam passing through the diaphragm are also achieved by an image projection apparatus that , by 
is made incident first , has negative power . a projection optical system , guides a light beam from an 
One or more of the above objects of the present invention image display panel to a screen and forms on the screen a 

are also achieved by a magnification projection apparatus 40 normal version of the image displayed on the image display 
that : displays an image on an image display panel ; illumi panel , wherein : the projection optical system includes : a first 
nates the image display panel with light from a light source ; optical system including at least one dioptric system and 
and by a magnification projection optical system , guides a having positive power ; and a second optical system includ 
light beam from the image display panel to a screen in an ing one or more reflecting surfaces having power , the second 
upstream - downstream direction , projects the light beam 45 optical system having positive power as a whole ; the first 
from a direction inclined to a normal of the screen , and and second optical systems are arranged along an optical 
forms on the screen a magnified version of the image path defining an upstream - downstream direction in an order 
displayed on the image display panel , wherein a position and described from upstream to downstream on a downstream 
a shape of an intermediate image of the image display panel side of an object surface ; an object image is temporarily 
formed with negative magnification by light beams traveling 50 formed as an intermediate image , and thereafter , is formed 
from the image display panel to the screen are substantially as a normal image ; and with respect to an optical axis of an 
identical to a position and a shape , respectively , of an optical element positioned at a furthest upstream end of the 
intermediate image of the screen formed with negative first optical system and having refractive power , at least one 
magnification by light beams traveling from the screen to the of other optical elements is shifted or tilted . 
image display panel . One or more of the above objects of the present invention 
The above - described magnification projection appara are also achieved by an image projection apparatus that , by 

tuses can be realized with a low - profile configuration . a projection optical system , guides a light beam from an 
One or more of the above objects of the present invention image display panel to a screen and forms on the screen a 

are also achieved by a projection optical system , including : normal version of the image displayed on the image display 
a first optical system including at least one dioptric system 60 panel , wherein : the projection optical system includes : a first 
and having positive power , and a second optical system optical system including at least one dioptric system and 
including one or more reflecting surfaces having power , the having positive power ; and a second optical system includ 
second optical system having positive power as a whole , ing one or more reflecting surfaces having power , the second 
wherein the first and second optical systems are arranged optical system having positive power as a whole ; the first 
along an optical path defining an upstream - downstream 65 and second optical systems are arranged along an optical 
direction in an order described from upstream to down path defining an upstream - downstream direction in an order 
stream on a downstream side of an object surface ; an object described from upstream to downstream on a downstream 
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end of an object surface ; an object image is temporarily object surface onto the projection surface in an upstream 
formed as an intermediate image , and thereafter , is formed downstream direction through a transmission dioptric sys 
as a normal image ; and in the first optical system , with tem and a reflection dioptric system of one or two reflecting 
respect to an optical axis of one of optical elements of the mirrors ; the transmission dioptric system includes a plurality 
first optical system , which one is positioned at a furthest 5 of transmission refractive elements ; substantial telecentric 
upstream end of the first optical system and has refractive ity is provided from the projected object surface up to a first power , the other optical elements are prevented from being surface of the transmission dioptric system ; an intermediate tilted . image surface of the projected object surface is positioned The above - described image projection apparatuses can closer to the reflection dioptric system than to the transmis perform extremely close range projection with a desired 10 sion dioptric system , and an intermediate image on the ( enlarging ) magnification . intermediate image surface is formed as a normal image on One or more of the above objects of the present invention the projection surface via the reflecting mirrors ; the reflect are also achieved by a projection optical system guiding and 
projecting a light beam from a projected object surface onto ing mirrors include at least one anamorphic polynomial 
a projection surface in an upstream - downstream direction 15 free - form surface having different vertical and lateral pow 
through a transmission dioptric system and a reflection ers ; a light beam from the reflection dioptric system to the 
dioptric system of one or two reflecting mirrors , wherein : the projection surface is guided at an angle to a normal of the 
transmission dioptric system includes a plurality of trans projection surface ; and the transmission dioptric system is 
mission refractive elements ; substantial telecentricity is pro decentered with respect to a normal of the projected object 
vided from the projected object surface up to a first surface 20 surface , and the transmission refractive elements of the 
of the transmission dioptric system ; an intermediate image transmission dioptric system are prevented from being 
surface of the projected object surface is positioned closer to decentered with respect to each other . 
the reflection dioptric system than to the transmission diop One or more of the above objects of the present invention 
tric system , and an intermediate image on the intermediate are further achieved by an image projection apparatus mag 
image surface is formed as a normal image on the projection 25 nifying an image displayed on a projected object surface and 
surface via the reflecting mirrors ; the reflecting mirrors projecting the magnified image on a projection surface by a 
include at least one anamorphic polynomial free - form sur projection optical system , wherein : the projection optical 
face having different vertical and lateral powers ; a light system guides and projects a light beam from the projected 
beam from the reflection dioptric system to the projection object surface onto the projection surface in an upstream 
surface is guided at an angle to a normal of the projection 30 downstream direction through a transmission dioptric sys 
surface ; and the transmission dioptric system is decentered tem and a reflection dioptric system of one or two reflecting 
with respect to a normal of the projected object surface , and mirrors ; 
the transmission refractive elements of the transmission the transmission dioptric system includes a plurality of 
dioptric system are prevented from being decentered with transmission refractive elements ; 
respect to each other . substantial telecentricity is provided from the projected 

One or more of the above objects of the present invention object surface up to a first surface of the transmission 
are also achieved by a projection optical system guiding and dioptric system ; 
projecting a light beam from a projected object surface onto an intermediate image surface of the projected object 
a projection surface in an upstream - downstream direction surface is positioned closer to the reflection dioptric system 
through a transmission dioptric system and a reflection 40 than to the transmission dioptric system , and an intermediate 
dioptric system of one or two reflecting minors , wherein : the image on the intermediate image surface is formed as a 
transmission dioptric system includes a plurality of trans normal image on the projection surface via the reflecting 
mission refractive elements ; substantial telecentricity is pro mirrors ; the reflecting mirrors include at least one anamor 
vided from the projected object surface up to a first surface phic polynomial free - form surface having different vertical 
of the transmission dioptric system ; an intermediate image 45 and lateral powers ; a light beam from the reflection dioptric 
surface of the projected object surface is positioned closer to system to the projection surface is guided at an angle to a 
the reflection dioptric system than to the transmission diop normal of the projection surface ; and the transmission 
tric system , and an intermediate image on the intermediate dioptric system is decentered with respect to a normal of the 
image surface is formed as a normal image on the projection projected object surface , and the transmission refractive 
surface via the reflecting mirrors ; the reflecting mirrors 50 elements of the transmission dioptric system are prevented 
include at least one anamorphic polynomial free - form sur from being decentered with respect to each other at a group 
face having different vertical and lateral powers ; a light unit level . 
beam from the reflection dioptric system to the projection As will be appreciated , the above - described image pro 
surface is guided at an angle to a normal of the projection jection apparatuses can be formed with a low - profile con 
surface ; and the transmission dioptric system is decentered 55 figuration . 
with respect to a normal of the projected object surface , and 
the transmission refractive elements of the transmission BRIEF DESCRIPTION OF THE DRAWINGS 
dioptric system are prevented from being decentered with 
respect to each other at a group unit level . Other objects , features and advantages of the present 

The above - described projection optical systems can proj- 60 invention will become more apparent from the following 
ect a large screen without distortion . detailed description when read in conjunction with the 
One or more of the above objects of the present invention accompanying drawings , in which : 

are also achieved by an image projection apparatus magni FIG . 1 is a diagram for illustrating a projection optical 
fying an image displayed on a projected object surface and system and an image projection apparatus according to an 
projecting the magnified image on a projection surface by a 65 embodiment of the present invention ; 
projection optical system , wherein : the projection optical FIG . 2 is a diagram for illustrating the projection optical 
system guides and projects a light beam from the projected system of FIG . 1 according to the present invention ; 
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FIG . 3 is a diagram for illustrating a configuration of the optical system composed of a first optical system 17 and a 
projection optical system of FIG . 1 according to the present second optical system 19 , so that a magnified version of the 
invention ; image formed on the panel 15 is displayed . 
FIG . 4 is a diagram for illustrating a configuration of the In light transmission , the panel 15 side may be referred to 

projection optical system of FIG . 1 according to the present 5 as the upstream side and the screen 21 side may be referred 
invention ; to as the downstream side . 

FIG . 5 is a diagram for illustrating a projection optical FIG . 2 is a diagram for illustrating the projection optical 
system according to an embodiment of the present inven system of the image projection apparatus of FIG . 1 . 
tion ; Referring to FIG . 2 , the first and second optical systems 
FIG . 6 is a diagram for illustrating a magnification pro- 10 17 and 19 are provided in the order described from upstream 

jection optical system according to an embodiment of the to downstream on the projection or downstream side of the 
present invention ; panel 15. The first optical system 17 is a dioptric system 

FIG . 7 is a diagram for illustrating an image projection ( lens ) having positive power . The second optical system 19 
apparatus according to an embodiment of the present inven includes a reflecting surface having power , and has positive 
tion ; 15 power . 

FIG . 8 is an enlarged view of a projection optical system The image formed by the panel 15 is formed as an 
of the image projection apparatus of FIG . 7 according to the intermediate image lint in the optical path of the first and 
present invention ; second optical systems 17 and 19. A magnified version of the 

FIG . 9 is a diagram for illustrating an image projection intermediate image lint is projected and formed on the screen 
apparatus according to an embodiment of the present inven- 20 21 . 
tion ; The first optical system 17 is shown as a single lens in 

FIG . 10 is an enlarged view of a projection optical system FIG . 2. Specifically , however , various modes including a 
of the image projection apparatus of FIG.9 according the dioptric system , such as a configuration of a plurality of 
present invention ; lenses , a combination of a lens and a mirror , and the 

FIG . 11 is a diagram showing the state of image distortion 25 configuration of integrated reflecting and refracting surfaces , 
on a screen according to an embodiment of the present are also applicable to the first optical system 17 . 
invention ; The first optical system 17 has positive power as a whole . 
FIG . 12 is a diagram for illustrating an image projection As shown in FIG . 2 , the intermediate image lint formed by 

apparatus according to an embodiment of the present inven the first optical system 17 is an inverted version of the image 
tion ; 30 formed on the panel 15. The intermediate image lint is 

FIG . 13 is a diagram for illustrating an image projection preferably a one to several times magnified image of the 
apparatus according to an embodiment of the present inven image on the panel 15. If the intermediate image lint is a 
tion ; reduced image , the second optical system 19 is required to 
FIG . 14 is a diagram for illustrating MTF evaluation have high enlarging magnification so that the first and 

points on a screen according to an embodiment of the 35 second optical systems 17 and 19 as a whole obtain a 
present invention ; displayed image of high magnification . This makes it diffi 

FIG . 15 is a graph showing MTF characteristics according cult to realize a balance between aberration correction and 
to an embodiment of the present invention ; high magnification . 
FIG . 16 is a graph showing MTF characteristics according On the other hand , if the enlarging magnification of the 

to an embodiment of the present invention ; and 40 intermediate image lint becomes too high , the second optical 
FIG . 17 is a graph showing MTF characteristics according system 19 needs to be larger in size , thus increasing the 

to an embodiment of the present invention . projection optical system and consequently the image pro 
jection apparatus in size . 

DETAILED DESCRIPTION OF THE FIG . 2 shows the optical paths of light beams traveling 
PREFERRED EMBODIMENTS 45 from positions A and B on the panel 15 corresponding to a 

maximum image height point on the plus ( + ) side ( a position 
A description is given below , with reference to the accom a in FIG . 1 ) and a maximum image height point on the minus 

panying drawings , of embodiments of the present invention . ( - ) side ( a position b in FIG . 1 ) , respectively , toward the 
FIG . 1 is a schematic diagram showing part of an image positions a and b . 

projection apparatus according to an embodiment of the 50 The intermediate image lint is not necessarily required to 
present invention . be formed on a plane . It is sufficient to ensure the perfor 

Referring to FIG . 1 , the image projection apparatus mance of the composite optical system of the first and 
includes a lightbulb 15 , which is a liquid crystal panel in this second optical systems 17 and 19 as a whole so that a 
embodiment . The lightbulb 15 is hereinafter referred to satisfactory image is projected onto the screen 21 by the 
simply as a panel 15. The image projection apparatus further 55 composite optical system . Accordingly , no particular restric 
includes a light source 10 composed of a light emitting part tion is imposed on the imaging performance by the first 
11 and an illumination optical system 12. The light emitting optical system 17 . 
part 11 is composed of a lamp and a reflector . A light beam According to the configuration of FIGS . 1 and 2 , each 
from the light emitting part 11 is illumination light in the light beam forming the intermediate image lint by the first 
illumination optical system 12. The illumination light from 60 optical system 17 is reflected by the second optical system 
the light source 10 illuminates the panel 15 . 19 to have its optical path folded back so that an image is 
An image is formed on the panel 15 in accordance with a projected in the direction opposite to the direction in which 

modulating signal , and the formed image subjects the light the light beam forming the intermediate image lint travels . 
beam from the light source 10 to two - dimensional intensity According to the configuration of FIGS . 1 and 2 , the 
modulation , and transmits the intensity - modulated light 65 second optical system 19 is composed of a single - surface 
beam . The light beam transmitted through the panel 15 is concave mirror . Alternatively , the second optical system 19 
projected and focused onto a screen 21 by a projection may include two or more reflecting surfaces . Further , the 
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second optical system 19 may also include a dioptric system In FIGS . 3 and 4 , reference numeral 15 denotes the panel , 
together with a reflecting surface . reference numeral 17A denotes a first optical system ( a lens ) , 

In the configuration of FIGS . 1 and 2 , a single reflecting reference numeral 19A denotes a second optical system ( a 
surface may be added to the second optical system 19 so as concave mirror ) , and reference numeral 21 denotes the 
to reverse the direction of each finally projected light beam 5 
of FIG . 1. Further , in the configuration of FIGS . 1 and 2 , a In accordance with the notation of optical system data , the 
dioptric system ( lens system ) may be provided as part of the radius of curvature of the ith surface from the panel 15 is 
second optical system 19 between the reflecting surface referred to as Ri ( i = 1 through 3 ; the first surface ( i = 1 ) is the 
thereof and the position where the intermediate image lint is entrance surface of the first optical system 17A ; the third 
formed so as to capture quantity of light more efficiently surface ( i = 3 ) is the reflecting surface of the second optical 
onto the reflecting surface of the second optical system 19 . system 19A ) , and the surface separation between the ith 
As shown in FIG . 2 , the light beam starting at the position surface and the ( i + 1 ) th surface is referred to as Ti ( i = 0 

A on the panel 15 converges to have a center of gravity at through 3 ; the oth surface separation ( i = 0 ) is the distance 
a position A ' in the intermediate image lint . The light beam between the panel 15 and the entrance surface of the first 
after the convergence diverges at an angle of divergence optical system 17A ; the third surface separation ( i = 3 ) is the 
equal to a collection angle , and is reflected from the second distance between the second optical system 19A and the 
optical system 19 having positive power to be focused onto screen 21 ) . 
the position a on the screen 21 in FIG . 1 . The data of the optical system of FIG . 3 is as follows : 

Likewise , the light beam starting at the position B on the 20 
panel 15 converges to have a center of gravity at a position Ri ( mm ) Ti ( mm ) Material B ' in the intermediate image lint . The light beam after the 
convergence diverges at an angle of divergence equal to a 
collection angle , and is reflected from the second optical 
system 19 having positive power to be focused onto the 25 -135 position b on the screen 21 in FIG . 1 . 
By forming the intermediate image lint , it is possible to 

locally narrow the effective region of the reflecting surface An object height on the panel 15 is +7.5 mm . 
of the second optical system 19 , the effective region con When a setting is provided such that the projected image 
tributing to the image formation of the light beams traveling 30 is optimally formed at an image height position 0 ( a point P 
from the positions A and B on the panel 15. That is , as shown on the screen 21 ) , the distance between principal rays 
in FIG . 2 , the imaging performance for the light beam starting from the positions A and B on the panel 15 that is 
traveling from the position A is affected by the figure of a an object and reaching the positions a and b on the screen 21 , 
reflecting region A " of the second optical system 19 , and the respectively , is approximately 208 mm . 
imaging performance for the light beam traveling from the 35 On the other hand , in FIG . 4 , a first optical system 17B 
position B is affected by the figure of a reflecting region B " and a second optical system 19B are employed . The power 
of the second optical system 19 . of the first optical system 17B is reduced so that the position 

Accordingly , the configuration of FIGS . 1 and 2 can of the intermediate image lint moves away from the first 
optimize the figure of each of the reflecting regions A " and optical system 17B . At the same time , the positive power of 
B " . Inversely , it is possible to control characteristics of light 40 the second optical system 19B is controlled while maintain 
collection to each part on the screen 21 by locally changing ing the positional relationship so that light collection char 
the figure of the concave surface of the second optical acteristics at the image height 0 are maintained . The data of 
system 19 . the optical system in this case is as follows . 

Particularly , its effect can be maximized by providing the 
concave surface with a free - form surface figure . 
Optimum data setting may be performed by a conven Ri ' ( mm ) Ti ' ( mm ) 

tionally known simulation method such as ray tracing . Since 
the optimization can be performed based on the reflecting 
surface , it is possible to perform such design as to prevent 
the generation of or an increase in chromatic aberration and 50 
at the same time improve other light collection characteris 
tics . An object height on the panel 15 is +7.5 mm . 

Since the first optical system 17 includes a dioptric The optical arrangement of FIG . 4 is drawn differently 
system , it is possible to correct chromatic aberration , which from that of FIG . 3 for convenience of description . As is 
is uncorrectable by only a reflecting surface , by the dioptric 55 apparent from the above - described data , however , the opti 
system . cal arrangement of FIG . 4 is substantially equal to that of 

Further , aberrations that affect the image projected on the FIG . 3. In the optical arrangement of FIG . 4 , the curvature 
screen 21 and cannot be corrected by only the reflecting of the exit surface of the first optical system 17B and the 
surface of the second optical system 19 may be corrected by curvature of the reflecting surface of the second optical 
actively incorporating a dioptric system in the second optical 60 system 19B are different from those of the first and second 
system 19 . optical systems 17A and 19A , respectively . 

In the configuration of FIG . 1 , the imaging magnification In the case of FIG . 4 , the distance between principal rays 
of the second optical system 19 may be increased by starting from the positions A and B on the panel 15 and 
bringing the position where the intermediate image lint is reaching positions a ' and b ' on the screen 21 , respectively , is 
formed closer to the reflecting surface of the second optical 65 approximately 362 mm . In the case of FIG . 4 , the magni 
system 19. This is described below with reference to FIGS . fication increases compared with the case of FIG . 3 , where 
3 and 4 . the distance between principal rays is 208 mm . That is , the 
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positive power of the first optical system 17B is reduced and Light collection characteristics and distortion can be 
the intermediate image lint is closer to the reflecting surface controlled more finely by controlling the effective reflecting 
having positive power of the second optical system 19B , region of the positive - power reflecting surface and providing 
thus resulting in an increased magnification . As described a local figure to the figure of the reflecting surface , that is , 
above , a magnification can be increased by only changing 5 setting a free - form surface figure . 
the radius of curvature of each of a refracting surface and a The employment of the above - described configuration reflecting surface without changing an optical arrangement . makes it possible to widen an angle compared with the 

The above - described matter may be implemented by conventional projection optical system . 
providing , on the lightbulb side of the intermediate image 
( the side upstream of the intermediate image in the 10 surfaces of a free - form surface provides more design lati Forming at least one of the above - described reflecting 
upstream - downstream direction from the panel 15 to the 
screen 21 ) in the optical path of the first and second optical tude , thus making it easy to correct aberrations . 

The free - form surface is a surface including a non systems , an optical element having negative power for 
bringing the position at which the intermediate image is rotationally symmetric surface figure , such as an anamor 
formed close to the reflecting surface having positive power 15 phic surface or an X - Y polynomial surface . 
of the second optical system . In design , a desirable image formation characteristic can 
As the above - described negative - power optical element , a be realized by forming each of the ( refracting and reflecting ) 

concave lens , a Fresnel concave lens , a convex reflecting surfaces included in the projection optical system of a 
mirror , or a composite system thereof may be employed , for free - form surface . Actually , however , this requires stricter 
instance . 20 accuracy in the relative positional error and the decentering 

Actually , it is necessary to ensure light collection ( con error of each surface . Accordingly , it is not necessarily that 
densing ) characteristics at each image height position and to the larger the number of free - form surfaces , the better . 
correct the distortion of an image surface . The latitude of Rather , it is preferable to set an optimum number of free 
design may be increased by increasing the number of form surfaces . 
refracting and reflecting surfaces so that design optimization 25 As described above , each light beam that has formed the 
may be performed by a conventionally known simulation intermediate image lint becomes a divergent light beam 
such as ray tracing . thereafter to be made incident on the positive - power reflect 
FIG . 5 is a diagram showing an embodiment according to ing surface ( concave mirror ) of the second optical system . 

the present invention . In FIG . 5 , the same elements as those Accordingly , a divergent light beam from each position of 
of FIG . 1 are referred to by the same numerals . 30 the intermediate image lint is reflected from a local reflecting 

In the embodiment of FIG . 5 , a second optical system 190 region on the concave mirror to be focused onto the screen . 
includes a reflecting surface 192 having positive power and In other words , a light beam focused onto each position on 
a reflecting surface 191 having negative power . the screen corresponds to a local reflecting region for each 

Each light beam from the panel 15 becomes an imaging image height on the concave mirror . 
light beam by the action of the first optical system 17. Before 35 Thus , the surface figure of the concave mirror ( a reflecting 
forming the intermediate image lint , each light beam is made surface from which a light beam forming the intermediate 
incident on the negative - power reflecting surface 191 to be image is reflected first after the formation of the intermediate 
reflected toward the reflecting surface 192. The intermediate image ) may be a free - form surface so that the curved surface 
image lint is formed between the reflecting surfaces 191 and figure of the reflecting surface may be controlled with 
192. The intermediate image lint is further magnified by the 40 respect to a reflecting region for each image height . As a 
positive power of the reflecting surface 192 so that an image result , aberrations can be corrected most effectively , and the 
on the panel 15 is projected onto the screen 21 . performance can be improved . 

That is , the reflecting surface 191 of the second optical The smaller the number of free - form surfaces , the better , 
system 190 is an example of the above - described negative considering surface processing and assembly . It is most 
power optical element having the effect of bringing the 45 effective to apply a free - form surface preferentially to the 
position where the intermediate image lint is formed close to positive - power reflecting surface ( concave mirror ) immedi 
the positive - power reflecting surface 192 of the second ately after the position where the intermediate image is 
optical element 190 . formed . It is possible to design so as to increase light 
As the reflecting surface 191 , a reflecting optical element collection characteristics and an image distortion character 

having divergent power , such as a convex reflecting surface , 50 istic by setting the figure of a free - form surface that can 
a Fresnel convex reflecting mirror , or a hologram reflecting control a local figure of a concave surface having light 
mirror having positive power , may be suitably employed . collection ( condensing ) power as well as controlling a 

The projection optical system slightly increases in size to reflecting region . 
move the position of the intermediate image lint away from The intermediate image may be a one to several times 
the lightbulb 15. However , by forming the above - described 55 magnified image . A high imaging magnification is unnec 
negative - power optical element of a reflecting mirror , it is essary for the first optical system relating to the formation of 
possible to employ a layout folding back an optical path , the intermediate image . Accordingly , it is possible to opti 
thereby reducing the size of the entire optical system . mize the first optical system by the conventional configu 
By employing the above - described negative - power opti ration of only a dioptric system . Forming the first optical 

cal element for bringing the position where the intermediate 60 system by only a dioptric system makes it easy to optically 
image lint is formed close to the positive - power reflecting design the first optical system , and makes it possible to relax 
surface of the second optical system , it is possible to perform tolerance for surface processing and assembly . 
such control as to narrow the degree of divergence of a light Further , it is also possible to increase design latitude by 
beam incident on the positive - power reflecting surface of the increasing the number of refracting surfaces and distribute 
second optical system . As a result , the effective reflecting 65 tolerance , thereby improving performance . 
region of the positive - power reflecting surface can be The first optical system may be formed of only a dioptric 
reduced . system . However , if a further improvement in performance 
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is desired , the latitude in the configuration of the first optical In the case of a projector of a rear projection type , space 
system may be further increased . occupancy can be lowered by folding an optical path by 

In the case of pursuing such a further improvement in providing a plane mirror in a projection optical path . 
performance , the first optical system may be formed of a In the above - described embodiment , only the single panel 
reflecting surface having a rotational symmetry axis and a 5 15 is shown for simplification . Alternatively , three panels for 
dioptric system . The reflecting surface having a rotational red , green , and blue may be employed . Light beams modu 
symmetry axis can be formed relatively easily , and is lated by the three panels may be subjected to color com 
extremely effective in increasing design latitude without posite by a well known color composite part such as a 
losing processability and assemblability . A further increase dichroic prism , and thereafter , be made incident on the first 
in latitude may be achieved by providing an aspheric surface 10 optical system 17. Thereby , a color image can be projected 

onto the screen 21 . figure to the reflecting surface having a rotational symmetry 
axis . Further , providing latitude of shift or decentration to The projection optical system according to this embodi 

ment includes the first optical system 17 and the second the reflecting surface makes it possible to design with optical system ( for instance , the second optical system 19 ) . increased latitude . 15 The image formed by the lightbulb 15 is formed as an The dioptric system may also employ an aspheric surface intermediate image in the optical path of the first and second figure . The employment of this configuration increases lati optical systems 17 and 19 , and the intermediate image is 
tude in design , thus making it possible to realize a projection further magnified and projected . Accordingly , high projec 
optical system with higher performance . tion magnification can be realized . Since the first optical 

The reflecting surface may be processed by any of con- 20 system 17 includes a dioptric system , chromatic aberration 
ventionally known various processing methods such as is correctable using the chromatic dispersion characteristic 
grinding , molding using a metal mold , and accurate shape even in the case of employing a color composite prism . 
transfer processing . Further , a refracting and transmitting Further , since the optical path of imaging light beams is 
surface and a reflecting surface may be integrated so as to folded back by a reflecting surface of the second optical 
have a total internal reflection structure . 25 system 19 , the projection optical system can be made 

Referring back to FIG . 1 , a further description is given of compact . 
the image projection apparatus . Accordingly , the image projection apparatus according to 
As the lamp of the light emitting part 11 of the light source this embodiment , including this projection optical system , 

10 , a halogen lamp , a xenon lamp , a metal halide lamp , or can be made compact with a long optical path of image light 
a super - high pressure mercury lamp may be employed . 30 beams being provided in a space in the apparatus . As a 

result , a large - size image can be projected and displayed The reflector integrated with the lamp to be provided in with a reduced projection space outside the apparatus . the vicinity thereof is employed to obtain high illumination 
efficiency . Although not shown in FIG . 1 , a well known Next , a description is given of another embodiment 

according to the present invention . illuminance uniforming part referred to as an integrator Referring to FIG . 6 , the reference ray of a group of light optical system may be employed to project a light beam beams traveling from an image display panel 1 ( hereinafter reflected from the reflector to have directivity onto the panel referred to simply as a panel 1 ) toward a screen 2 is made 15 with uniform light intensity so that the surface of the incident thereon at a predetermined angle to the normal of 
panel 15 is illuminated with an even illumination distribu the screen 2. The reference ray is the principal ray of a light 
tion . 40 beam guided from the center of the panel 1 to the screen 2 . 

In the case of replacing the transmission liquid crystal The panel 1 is a reflection liquid crystal panel , and is 
panel employed as the lightbulb 15 with a reflection liquid illuminated with linearly polarized illumination light via a 
crystal lightbulb , efficient illumination can be performed by polarization beam splitter 10A . Light beams modulated by 
splitting an illumination optical path and a projection optical the panel 1 become imaging light beams through the polar 
path using a polarization beam splitter . 45 ization beam splitter 10A . The image display panel may be 

Further , in the case of employing a Digital Micromirror a lightbulb such as a transmission or reflection liquid crystal 
Device ( DMD ) as a lightbulb , an optical path splitting panel or a DMD . 
optical system using an oblique incidence optical system or In light transmission , the panel 1 side may be referred to 
a total reflection prism may be employed . Thus , a suitable as the upstream side and the screen 2 side may be referred 
optical system may be employed in accordance with a 50 to as the downstream side . A transmission optical system 3 
lightbulb type . that includes a transmitting surface having refractive power 

In a front - type projector , it is desirable that a projected and at least one aspheric surface is provided on the down 
image be shifted upward so as not to be hidden behind the stream side of the panel 1. A reflection optical system 
projector when viewed from a viewer . That is , the lightbulb including a plurality of reflecting surfaces 4 through 8 is 
15 is shifted ( downward in FIG . 1 ) in a plane perpendicular 55 provided on the downstream side of the transmission optical 
to the optical axis of the projection optical system ( the system 3 . 
optical axis of the first optical system 17 ) so that light beams The imaging light beams from the panel 1 are transmitted 
are made incident on the projection optical system from its inside the transmission optical system 3 to be guided to the 
lower side . screen 2 via the reflecting surfaces 4 through 8 forming the 
As the shift of the lightbulb 15 increases , particularly , an 60 reflection optical system . Of the reflecting surfaces 4 

effective angle of view should be widened as a specification through 8 forming the reflection optical system , the reflect 
required for the first optical system 17. The shift of the ing surface 8 is a rotationally asymmetric reflecting surface . 
lightbulb 15 is set to a suitable size . The intermediate image It is desirable to provide the transmission optical system 
lint is formed temporarily by the first optical system 17. The 3 with light beam condensing action . In this embodiment , a 
image formed by the lightbulb 15 is magnified and projected 65 magnification effect load is reduced in the transmission 
onto the screen 21 by the positive - power second optical optical system 3 so as to prevent particularly the aperture of 
system 19 . a lens on the downstream side from becoming larger in size . 
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Accordingly , the entire or a substantial portion of the mag forming the image on the screen 2. As a result , the image can 
nification effect as a magnification projection optical system be displayed with reduced trapezoidal distortion . 
is assumed by the reflection optical system . In the case of forming the transmission optical system 3 

Asymmetric aberration ( aberration resulting from the into a cell as a single unit , the relative positional adjustment 
vertical asymmetry of the reference axis in FIG . 6 ) is 5 between the transmission optical system 3 formed into the 
corrected by the rotationally asymmetric reflecting surface cell and the reflection optical system remains as positional 
8 , and the optical axis of the transmission optical system 3 adjustment in the magnification projection optical system . 
is set to be decentered with respect to the panel 1 ( in this At this point , the reflecting surface 4 provided furthest on the 
embodiment , the optical axis is eccentric in the upward upstream side in the reflection optical system may have 
direction of FIG . 6 with respect to the center of the panel 1 ) . 10 positive power . In this case , if the light beams emitted from 
As a result , the effect of the correction of asymmetric the transmission optical system 3 are condensing light 
aberration is increased . That is , the correction of asymmetric beams , the light beams are further condensed by the positive 
aberration is assumed by both the transmission optical power of the reflecting surface 4 . 
system 3 and the reflection optical system . In this embodiment , the power of the reflecting surface 4 
The entire transmission optical system 3 is assembled 15 is negative . If the reflecting surface 4 has positive power , a 

coaxially so as to be formed into a cell easily . greater aberration is generated when the relative positions of 
In the case of forming a magnification projection optical the transmission optical system 3 and the reflection optical 

system of a transmission optical system and a reflection system are offset . In other words , if the reflecting surface 4 
optical system as in this embodiment , it is easy to assemble has positive power , a variation in aberration is greater with 
the optical system compared with the case of forming all 20 respect to the same offset between the transmission optical 
optical surfaces of reflecting surfaces . Further , it is also system 3 and the reflection optical system . 
possible to utilize the “ optical path folding - back effect ” so In the case of providing the reflecting surface with nega 
that the entire system can be reduced in size . tive power as in this embodiment , a variation in aberration 
A diaphragm 9 is provided on the upstream side of the with respect to the offset is small . Accordingly , the accuracy 

reflecting surface 4 on the downstream side of the transmis- 25 of the relative positional relationship between the transmis 
sion optical system 3. An image 19 of the diaphragm 9 is sion optical system 3 and the reflection optical system is 
formed with negative reducing magnification in an imaging relaxed , thus facilitating the assembling of the optical sys 
optical path by the reflecting surfaces 4 through 7 on the tem . 
downstream side of the diaphragm 9. That is , the image 19 To simplify integrating the transmission optical system 3 
of reducing magnification of the diaphragm 9 is formed as 30 and the reflection optical system , the transmission optical 
an inverted image between the reflecting surface 7 and the system 3 and the reflection optical system may be assembled 
rotationally asymmetric reflecting surface 8 by the action of separately . At this point , the assembling of each of the 
the reflecting surfaces 4 through 7 of the reflection optical transmission optical system 3 and the reflection optical 
system . system may be accompanied by assembly error . Accord 
By thus providing a power arrangement such that the 35 ingly , it is difficult to totally eliminate the relative positional 

image 19 of the diaphragm 9 is formed with reducing offset between the transmission optical system 3 and the 
magnification , a light beam made incident on a reflecting reflection optical system . Given the occurrence of a relative 
surface on the downstream side of the image 19 of the positional offset , it is preferable , in terms of tolerance 
diaphragm 9 ( the reflecting surface 8 in this embodiment ) is sensitivity , that so the reflecting surface 4 having power be 
prevented from widening greatly . That is , the effective 40 a negative - power reflecting surface . 
aperture of the reflecting surface can be reduced . As a result , The light beam emitted from the transmission optical 
this reflecting surface can be reduced in size . system 3 is rarely divergent , and normally , is convergent . At 
As described above , the image 19 of the diaphragm 9 is this point , if the reflecting surface 4 has positive power , the 

formed within the optical path of the reflection optical light beam is further converged . On the other hand , if the 
system ( between the reflecting surface 7 and the rotationally 45 reflecting surface 4 has negative power , the convergence of 
asymmetric reflecting surface 8 ) . The position where the the light beam is relaxed . Comparing these two cases , a 
image 19 is formed is a screen ( downstream ) -side pupil , that variation in the state of the light beam due to the relative 
is , the exit pupil of the magnification projection optical positional offset between the transmission optical system 3 
system . and the reflection optical system is greater in the former 

The imaging light beams form the intermediate image of 50 case , thus imposing stricter assembly tolerance . By provid 
the panel 1 in the optical path inside the reflection optical ing negative power to the reflecting surface 4 , assembly 
system . Like the image 19 of the diaphragm 9 , the interme tolerance can be eased . 
diate image is a real image of negative magnification and an The reflecting surface 4 is provided with negative power , 
inverted image . In the embodiment of FIG . 6 , the interme and the reflecting surface 5 , positioned on the downstream 
diate image of the panel 1 is formed in the vicinity of the 55 side of the reflecting surface 4 , is provided with positive 
reflecting surface 7. That is , the intermediate image of the power . A succession of negative - power reflecting surfaces 
panel 1 is formed by the transmission optical system 3 and on the upstream side in the reflection optical system causes 
the reflecting surfaces 4 through 6 . incident light beams to be overly divergent , thus preventing 

It is a magnified image of the intermediate image of the the diaphragm image from being formed in the reflection 
panel 1 by the reflecting surface 7 and the rotationally 60 optical system . 
asymmetric reflecting surface 8 that is formed on the screen It is preferred to provide the reflecting surface 5 with 
2. The imaging magnification at this time is also negative . positive power in order to provide a tendency to converge to 
Thus , the light beams from the panel 1 form the intermediate the imaging light beams reflected from the reflecting surface 
image as an inverted image , and the inverted image is 5 so that the image 19 of the diaphragm 9 is formed in the 
inversed to be imaged on the screen 2 as an erect image . At 65 optical path of the reflection optical system . That is , the 
this point , trapezoidal distortion generated in the interme composite power of the optical system ( reflecting surfaces 4 
diate image offsets trapezoidal distortion at the time of through 7 ) provided between the diaphragm 9 and the image 
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19 thereof is positive . Providing positive power to the beams of different angles of view are incident on the same 
reflecting surface 5 makes it possible to prevent the sepa position on the reflecting surface , overlapping with each 
ration of light beams of different angles of view and reduce other . Accordingly , it is difficult to obtain a figure solution 
the size of the reflecting surface receiving the light beams . that simultaneously corrects the aberrations of the light 

It is also possible to provide the reflecting surface 5 as 5 beams of the different angles of view . 
well as the reflecting surface 4 with negative power and the According to this embodiment , the transmission optical reflecting surface 6 on the downstream side of the reflecting system 3 may also take partial charge of the correction of an 
surface 5 with positive power . In this case , however , it may asymmetric aberration component . In this case , the trans be necessary to increase the power of the reflecting surface mission optical system 3 is provided with a rotationally 6. Further , an inter - surface distance may be enlarged to 10 
increase aberration to be generated , enlarge the optical asymmetric transmitting surface in order to increase the 
system , and thus increase the number of surfaces forming effect of the correction . A rotationally asymmetric surface is 

effective in correcting an aberration component that is the optical system , which case begins to lose merit . 
According to the present invention , in the magnification difficult for a rotationally symmetric aspheric surface to 

projection optical system where each of the panel 1 and the 15 correct . That is , the rotationally asymmetric transmitting 
screen 2 is a plane surface and “ oblique projection ” is surface can generate aberration that cannot be generated by 
performed , optical systems are formed on the upstream side a rotationally symmetric transmitting surface . The aberra 
and the downstream side , respectively , of an intermediate tion thus generated can be used to cancel other aberration . 
image plane so that the position and the shape of the The reflecting surfaces 4 through 8 , forming the reflection 
negative - magnification intermediate image of the panel 1 20 optical system , may be formed integrally with one another 
generated by light beams traveling from the panel 1 side as a unit . This makes it easy to provide accuracy to the 
toward the screen 2 ( the intermediate image of the panel 1 relative positions of the reflecting surfaces 4 through 8 and 
generated in the optical path of an imaging light beam by the assemble the magnification projection optical system . The 
magnification projection optical system ) are substantially reflecting surfaces 4 through 8 may be integrated by , for 
identical to those of the negative - magnification intermediate 25 instance , molding . The reflecting surfaces 4 through 8 may 
image of the screen 2 generated by light beams traveling also be integrated by another suitable method , as will be 
from the screen 2 side toward the panel 1. Thereby , the sum appreciated . 
of the distortion generated between the panel 1 and the The position of the diaphragm 9 is not limited to the intermediate image and the distortion generated between the 
intermediate image and the screen 2 can be approximated to 30 between surfaces in the transmission optical system 3 , for position of FIG . 6. The diaphragm 9 may be provided 
zero . Accordingly , it is possible to form an image on the instance . In this case , part of the transmission optical system screen 2 with reduced distortion . 

The light beams traveling from the screen 2 side toward 3 contributes to the formation of the image 19 of the 
the panel 1 are imaginary light beams used in performing ray diaphragm 9 . 
tracing with the screen 2 being an object surface and the 35 The number of image display panels is not limited to one . 
panel 1 being an image surface in designing the magnifica Three image display panels may be employed so that images 
tion projection optical system . In this case , the intermediate of R ( red ) , G ( green ) , B ( blue ) color components may be 
image of the screen 2 in the optical path is formed as a displayed on the different image display panels correspond 
reduced image on the panel 1 . ing to their respective colors . Light beams from the image 

It is preferable that the rotationally asymmetric reflecting 40 display panels may be composed to be guided to a screen by 
surface 8 be positioned closest to the screen 2 , provided the magnification projection optical system so that a color 
furthest on the downstream side , in the optical path of the image is displayed on the screen . 
imaging light beams in the reflection optical system as in this In this case , a combination of a polarization beam splitter 
embodiment . The reflecting surfaces 4 through 8 are pro and a dichroic prism ( well known in color image projection 
vided so that the overlap area of the incident positions of the 45 apparatuses ) may be used between the panel 1 and the 
light beams corresponding to different angles of view transmission optical system 3 in FIG . 6 . 
increases toward the upstream direction and decreases Further , the screen is not necessarily a plane surface . 
toward the downstream direction . As described above , according to the magnification pro 
On a rotationally asymmetric reflecting surface , a figure is jection optical system of FIG . 6 , the light beams from the 

formable with high latitude with respect to an incident 50 panel 1 are guided to the screen 2 and projected thereonto 
position . Accordingly , by positioning the rotationally asym from a direction inclined to the normal of the screen 2 so that 
metric reflecting surface 8 furthest on the downstream side a magnified version of an image displayed on the panel 1 is 
and reducing the overlap area of the light beams correspond formed on the screen 2. The magnification projection optical 
ing to different angles of view at this surface position , the system includes the reflection optical system and the trans 
rotationally asymmetric reflecting surface 8 can be provided 55 mission optical system 3. The reflection optical system is 
with a figure suitable for the correction of the residual formed of the reflecting surfaces 4 through 8 having power . 
aberration of the light beams of the angles of view generated The reflecting surface 8 is a rotationally asymmetric reflect 
by the optical system on the upstream side of the rotationally ing surface . The transmission optical system 3 includes a 
asymmetric reflecting surface 8. Thereby , highly effective transmitting surface having refractive power and at least one 
aberration correction can be realized . That is , the residual 60 aspheric surface . The transmission optical system 3 may 
aberration of the light beams of respective image height include a Fresnel lens surface . The reflection optical system 
positions reaching the last reflecting surface 8 can be cor may be configured so that light reflection on the reflecting 
rected easily by providing the reflecting surface 8 with surfaces of the reflection optical system satisfies an internal 
suitable figures for the respective incidence positions of the total reflection condition . In the case of the reflecting sur 
light beams . 65 faces being internal total reflection surfaces , the surface that 

If a rotationally asymmetric reflecting surface is provided captures a light beam from the transmission optical system 
on the upstream side of the reflection optical system , light is a transmission surface . In this case , it is preferable that the 
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incident light beam be perpendicular to the transmitting light guide path is the optical path of a principal ray from the 
surface because this prevents aberration from occurring at center of the panel 1 to the center of the magnified image on 
the time of the incidence . the screen 2 in the optical path from the panel 1 to the screen 

According to the above - described magnification projec 2. Further , the reflection optical system can be formed as a 
tion optical system , the ( imaging ) light beams from the panel 5 unit . 
1 are projected onto the screen 2 from a direction inclined to Accordingly , by adding any of various well known light 
the normal of the screen 2 so as to form a magnified image sources to the magnification projection optical system of 
on the screen 2. This effectively reduces distortion that FIG . 6 , a magnification projection apparatus that displays an 
occurs when imaging light beams projected from the direc image on the panel 1 , illuminates the panel 1 with light from 
tion of the normal of the screen 2 are inclined thereto . 10 the light source , guides a light beam from the illuminated 

The transmitting surface having refractive power of the panel 1 to the screen 2 by the magnification projection 
transmission optical system 3 may be realized easily by a optical system , projects the light beam from a direction 
lens system , and may also be formed into a cell easily . inclined to the normal of the screen 2 , and projects a 
Therefore , it is easy to provide assembly accuracy , thus magnified version of the image displayed on the panel 1 onto 
producing the effect of cost reduction . 15 the screen 2 can be realized . 

According to the above - described magnification projec Thus , the magnification projection optical system accord 
tion optical system , an asymmetric aberration component is ing to this embodiment can project the image on the image 
correctable by the rotationally asymmetric reflecting surface display panel 1 as a large screen with little distortion . 
8 . Further , the magnification projection apparatus including 

If the magnification projection optical system is com- 20 this magnification projection optical system can be realized 
posed of only refracting surfaces , the array of the reflecting with a low - profile configuration . 
surfaces extends in one direction . Therefore , it is impossible Next , a description is given of another embodiment 
to reduce the size of the three - dimensional structure of the according to the present invention . 
optical system . However , by combining a transmitting sur FIG . 7 is a diagram showing an image projection appa 
face and a reflecting surface , the optical path can be folded 25 ratus including a projection optical system according to this 
so that the optical system can be reduced in size . embodiment . FIG . 8 is an enlarged view of the projection 

For instance , by providing the optical path of a transmis optical system . The definition of " upstream ” and “ down 
sion optical system parallel to a screen , and folding the stream ” in an optical path of the above - described embodi 
optical path to the screen side on the image side of the ments also applies to this and the following embodiments . 
transmission optical system , the optical system can be 30 Referring to FIG . 8 , the projection optical system includes 
reduced in thickness while maintaining the same optical path a first optical system 71 provided on the object or upstream 
length . side and a second optical system 72 provided on the image 
The diaphragm 9 is provided between the first surface of or downstream side . The first optical system 71 is formed of 

the transmission optical system 3 from its image display lenses 711 through 716 , and includes a diaphragm S imme 
panel side and the first surface of the reflection optical 35 diately after the lens 713. The lens 713 is a doublet . The 
system from its screen side . The image 19 of the diaphragm second optical system 72 includes reflecting surfaces 721 
9 is formed with negative reducing magnification by the and 722 . 
reflecting surfaces ( optical elements ) 4 through 7 provided On the object side of the first optical system 71 , it is 
on the screen side . assumed , as described with reference to FIG . 6 , that a 
Of the reflecting surfaces 4 through 8 of the reflection 40 reflection liquid crystal panel is illuminated with linearly 

optical system , the reflecting surface 4 , which has power and polarized illumination light via a polarization beam splitter 
on which a light beam passing through the diaphragm 9 is so that reflected light beams modulated by the liquid crystal 
made incident first , has negative power . The reflecting panel become imaging light beams through the polarization 
surface 5 , subsequent to the reflecting surface 4 , has positive beam splitter . Referring to FIG . 8 , PB denotes the polariza 
power . Of the reflecting surfaces 4 through 8 forming the 45 tion beam splitter . 
reflection optical system , the reflecting surface 8 is a rota Light beams from the object side project an image on a 
tionally asymmetric reflecting surface . The transmission projection surface ( a screen in FIG . 7 ) via the first and 
optical system 3 includes a transmitting surface having second optical systems 71 and 72. The intermediate image of 
refractive power and at least one aspheric surface . the object is formed between the reflecting surfaces 721 and 

According to the magnification projection apparatus of 50 722 , and is formed on the projection surface as a normal 
FIG . 6 , the position and the shape of the intermediate image image by the reflecting surface 722 . 
with negative magnification of the panel 1 generated by light As the object displaying an image to be projected , one 
beams traveling from the panel 1 to the screen 2 are configured to illuminate the lightbulb 15 with a light beam 
substantially identical to those of the intermediate image from the light emitting part 11 formed of the lamp and the 
with negative magnification of the screen 2 generated by 55 reflector through the illumination optical system 12 , as 
light beams traveling from the screen 2 to the panel 1 . described with reference to FIG . 1 , may be employed . 

The rotationally asymmetric reflecting surface 8 is posi Specifically , a halogen lamp , a xenon lamp , a metal halide 
tioned at the furthest downstream end of the second optical lamp , or a super - high pressure mercury lamp is suitable as 
system in the projection optical path . The transmission the light emitting part 11. An integrator optical system that 
optical system 3 includes a rotationally asymmetric trans- 60 makes the intensity of the light beam reflected from the 
mitting surface having refractive power . The optical axis of reflector to have directivity uniform with respect to the 
the transmission optical system 3 is set in a plane including lightbulb 15 may be employed as the illumination optical 
a light guide path so as to be decentered with respect to the system 12 . 
position of the panel 1. Thereby , aberration reverse to the As the above - described object , a type of object that 
aberration generated on a decentered reflecting surface in the 65 performs optical path splitting with respect to a DMD panel 
reflection optical system can be generated so that it is using an oblique incidence optical system or a total reflec 
possible to cause the aberrations to cancel each other . The tion prism may be employed . A type of image display device 



US RE48,309 E 
23 24 

illuminated with light from an external light source , such as illuminated with light from an external light source , such as 
a lightbulb such as a liquid crystal panel , a DMD , or a film a lightbulb such as a liquid crystal panel , a DMD , or a film 
slide , may also be employed as the above - described object . slide . Alternatively , an object of a self - luminous type , such 
An object of a self - luminous type , such as a two - dimen as a two - dimensional array of light emitting diodes , an LED 
sional arrangement of light - emitting diodes , an LED array , 5 array , an EL array , or a plasma display , may also be 
an EL , array , or a plasma display , may also be employed . employed . 

The projection optical system shown in FIGS . 7 and 8 The projection optical system of FIG . 10 includes a 
includes the positive - power first optical system 71 including transmission dioptric system 120 and a reflection dioptric 
at least one dioptric system ( such as the lens 711 ) and the system 130 . 
second optical system 72 having positive power as a whole 10 The transmission dioptric system 120 includes lenses 121 
and including at least one reflecting surface having power through 127. The lenses 123 and 126 are doublets . In the 
( such as the reflecting surface 721 ) . The first and second illustrated exemplary embodiment , the transmission dioptric 
optical systems 71 and 72 are provided in the order system 120 is formed of nine lenses . The reflection dioptric 
described from the object surface side so that an object system 130 includes a first reflecting mirror 131 and a 
image is formed temporarily as an intermediate image , and 15 second reflecting mirror 132. The first and second reflecting 
thereafter , is formed as a normal image . In the first optical mirrors 131 and 132 are arranged in the order described from 
system 71 , with respect to the optical axis of the lens ( optical upstream to downstream on the downstream side of the 
element ) 711 , positioned furthest on the object side ( closest transmission dioptric system 120. FIG . 10 shows only the 
to the object ) and having refractive power , the other optical reflecting surfaces of the reflecting mirrors 131 and 132. The 
elements , or the lenses 712 through 716 and the reflecting 20 reflecting mirrors 131 and 132 are general optical elements 
surfaces 721 and 722 , are shifted or tilted . That is , a shift or performing reflection and refraction of light at the interface 
tilt is caused in units of optical elements . The dioptric system of reflection . Alternatively , the reflecting mirrors 131 and 
may include a light transmitting type element performing 132 may be light reflecting optical elements performing 
diffraction . diffraction . 

According to the projection optical system according to 25 That is , according to the projection optical system shown 
this embodiment , the first optical system 71 forms an in FIGS . 9 and 10 , light beams from the projected object 
intermediate image , and the second optical system 72 mag surface are guided by the transmission dioptric system 120 
nifies and projects the intermediate image , thereby increas and the reflection dioptric system 130 to be projected onto 
ing the ( enlarging ) magnification of the composition of the a projection surface ( a screen shown in FIG . 9 ) . 
optical systems 71 and 72. Since the first optical system 71 30 The transmission dioptric system 120 includes lenses 121 
includes a dioptric system , chromatic aberration is correct through 127 having an optical axis 101. The lenses 123 and 
able using the chromatic dispersion characteristic even in the 126 are doublets . In the illustrated exemplary embodiment , 
case of employing a color composite prism . Fu er , by the transmission dioptric system 120 is formed of nine 
causing lens elements forming the dioptric system to be lenses . The reflection dioptric system 130 includes a first 
shifted or tilted , reverse distortion can be generated effec- 35 reflecting mirror 131 and a second reflecting mirror 132. The 
tively in the intermediate image so as to prevent distortion first and second reflecting mirrors 131 and 132 are arranged 
from occurring in the projected image . Accordingly , the in the order described from upstream to downstream on the 
image projection apparatus according to this embodiment downstream side of the transmission dioptric system 120 . 
can perform extremely close range projection with a desired FIG . 10 shows only the reflecting surfaces of the reflecting 
( enlarging ) magnification . 40 mirrors 131 and 132. The reflecting mirrors 131 and 132 are 
Next , a description is given of another embodiment general optical elements performing reflection and refrac 

according to the present invention . tion of light at the interface of reflection . Alternatively , the 
FIG . 9 is a diagram showing an image projection appa reflecting mirrors 131 and 132 may be light reflecting optical 

ratus including a projection optical system according to this elements performing diffraction . 
embodiment . FIG . 10 is an enlarged view of the projection 45 As shown in Embodiment 6 described below , the first 
optical system . reflecting mirror 131 has negative - power and is axially 

Referring to FIG . 10 , reference numeral 100 denotes an symmetric , and the second reflecting mirror 132 is an 
object - side part of a type that illuminates a reflection liquid anamorphic polynomial free - form surface whose vertical 
crystal panel with linearly polarized illumination light via a power and lateral power are different . A light beam from the 
polarization beam splitter so that reflected light beams 50 second reflecting mirror 132 is guided to the projection 
modulated by the liquid crystal panel become imaging light surface at an angle to the normal of the projection surface . 
beams through the polarization beam splitter as described The transmission dioptric system 120 is decentered with 
above with reference to FIG . 6. The image display surface respect to the normal of the projected object surface . The 
of the reflection liquid crystal panel is a projected object transmission refractive elements 121 through 127 of the 
surface ( a surface on which an image to be projected is 55 transmission dioptric system 120 , however , are not decen 
displayed as an object ) . In FIG . 10 , PB denotes the polar tered with respect to one another . 
ization beam splitter . The object - side configuration is not The lenses 123 and 126 , which are doublets , each form a 
limited to this . The configuration described above with lens group unit . The lenses 123 and 126 are not decentered 
reference to FIG . 1 where the lightbulb 15 is illuminated with respect to each other at the level of a group unit . 
with a light beam from the light emitting part 11 formed of 60 As shown in FIG . 10 , the image surface of the interme 
the lamp and the reflector through the illumination optical diate image formed between the reflecting mirrors 131 and 
system 12 may also be employed . This configuration may 132 is tilted and curved with respect to the principal ray of 
include an integrator optical system . Further , a configuration a light beam emitted from the center of the projected image 
that performs optical path splitting with respect to a DMD surface . This increases latitude for the intermediate image 
panel using an oblique incidence optical system or a total 65 surface , thus facilitating the designing of the entire optical 
reflection prism may be employed . The projected object system . The principal ray emitted from the center of the 
surface may be realized by a type of image display device projected image surface and a principal ray emitted from the 
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margin of the projected image surface are substantially ture , ” “ Surface Separation , ” and “ Shift ” are “ mm , " and the 
parallel to each other on the last surface of the transmission unit of “ Tilt ” is “ degree . ” The same applies to the following 
dioptric system 120 ( the exit - side surface of the lens 127 ) . embodiments . 
The image projection apparatus of FIG . 9 is of a front The reflecting surface of the second reflecting mirror 722 , 
projector type , but is convertible to a rear projection type by 5 which is the 18th - surface , is an anamorphic polynomial 
providing a reflecting mirror that folds an optical path in the free - form surface having different vertical and lateral pow 
imaging optical path . ers . The figure of the anamorphic polynomial free - form 
The projection optical system according to this embodi surface having different vertical lateral powers is expressed 

ment can project a large screen without distortion , and the by : 
image projection apparatus according to this embodiment 10 
can be formed with a low - profile configuration . Z = X2 - x² + Y2 - y- + X2Y - x ? y + Y3.y3 + X4-84 + 
A description is given below of specific embodiments . X2Y2 - x + y + Y4 - y * + x4Y - x * y + X3Y2x ? y ? + Y5y + 

X6x® + X4Y2x * y ++ X2Y4 x * y * + Y6 - yº + ... In optical system data , surfaces are counted successively 
from an object surface ( a surface on which an object to be where X2 , Y2 , X2Y , Y3 , X2Y2 , etc. are coefficients , letting 
projected is displayed ) as 0 , 1 , 2 , ... with the object surface 15 the vertical directions be the Y directions , the lateral direc 
being 0. Through the following embodiments , the first and tions be the X directions , and the depth of the curved surface 
second surfaces are the liquid crystal panel - side surface and be the Z directions . The vertical ( upward and downward ) 
the projection optical system - side surface , respectively , of a directions and the lateral ( rightward and leftward ) directions 
polarization beam splitter . are considered based on the projected image . The coeffi 

20 cients of the polynomial free - form surface are shown in 
Embodiment 1 Table 2 . 

TABLE 2 

Coefficient Coefficient Value 

X2 
Y2 

30 

Embodiment 1 is a specific embodiment of the image 
projection apparatus and the projection optical system of 
FIGS . 7 and 8. That is , Embodiment 1 includes the first 25 
optical system 71 having positive power and including at 
least one dioptric system and the second optical system 72 
including at least one reflecting surface having power and 
having positive power as a whole . The first and second 
optical systems 71 and 72 are arranged in the order described 
from upstream to downstream on the downstream side of the 
object surface . An object image is temporarily formed as an 
intermediate image , and thereafter , is formed as a normal 
image . The optical elements 712 through 716 , 721 , and 722 
are shifted or tilted with respect to the optical axis of the 35 
optical element having refractive power , which is positioned 
at the furthest upstream end of the first optical system 71 . 
The magnification of the intermediate image is approxi 

mately 3x . 
The data of Embodiment 1 is shown in Table 1 . 

X2Y 
Y3 
X4 
X2Y2 
Y4 
X4Y 
???2 
Y5 
X6 
X4Y2 
X2Y4 
Y6 

6.99519E - 03 
5.16104E - 03 
6.00372E - 05 
4.11672E - 05 

-1.12766E - 07 
4.40932E - 07 
3.71145E - 07 

-3.32774E - 09 
1.09835E - 09 
2.32182E - 09 
1.30492E - 11 

-4.80572E - 11 
-1.76822E - 11 
1.14641E - 11 

In Table 2 , “ 1.14641E - 11 , ” for instance , means “ 1.14641x 
10-11 . ” The same applies to the following embodiments . 

TABLE 1 

Surface Radius of Surface 
Curvature Separation 

Refractive 
Index No. Dispersion Shift Tilt Figure 

8 8 8 1.516798 64.1983 

1.696802 55.4597 -14.41 

1.696802 

5.0 
34.30 
5.00 
4.40 
2.30 
8.05 

15.54 
8.50 
0.55 
1.33 

35.74 

55.4597 

-2206.4 
-45.8 
33.4 
69.6 
38.6 

-54.1 
29.0 

-8.48 

-6.3 Spherical 
Spherical 

20.8 Spherical 
Spherical 

-20.8 Spherical 
Spherical 
Spherical 

-3.15 1.487489 
1.846663 

0 
1 
2 
3 
4 . 
5 
6 
7 
8 
9 
10 

Diaphragm 
11 
12 
13 
14 
15 
16 
17 
18 

70.4412 
23.7848 

1.834001 37.3451 2.29 

1.743299 49.2216 4.51 

130.8 
-72.5 
56.0 

265.1 
-69.5 
44.2 

3000.0 

7.90 
2.00 

14.70 
8.10 
2.50 
80.00 

-150.00 

1.487489 70.4412 -4.65 

Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 

-45 Spherical 
25 Polynomial 

Free - Form 
Surface 

-36.50 
10.00 

65 

In Table 1 , “ Shift " means the amount of shift , and “ Tilt ” 
means the amount of tilt . The units of “ Radius of Curva 

As described above , the first optical system 71 is com 
posed of seven lenses , and the second optical system 72 is 
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90.301 
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formed of two reflecting surfaces . The reflecting surface 721 The figure of the rotationally symmetric aspheric surface 
is spherical , and the reflecting surface 722 is a polynomial employed as the 16th surface is specified by giving k , A , B , 
free - form surface . and C in the following well known aspheric equation : The image surface ( screen ) of the normal image is a plane 
surface parallel to the rightward and leftward directions of 5 
FIG . 7. There is a great difference in angle of incidence to Z = c + r + / [ 1 + V { 1- ( 1 + k ) c } ] + Ar ++ Br® + Cr $ 
the screen between a lower position ( closer to the object ) and 
a higher position ( remoter from the object ) of the image where Z is an axial depth , c is a paraxial radius of curvature , 
height . Therefore , the projected image tends to be narrowed r is the distance from an optical axis in a direction perpen 
downward and distorted . In this embodiment , distortion on 10 dicular thereto , k is a conic constant , and A , B , and C are the final image surface is corrected by inversely setting the 
distortion of the intermediate image . higher - order aspheric coefficients . The same applies to the 
FIG . 11 shows the state of image distortion on the final following embodiments . 

image surface . FIG . 11 shows the state of image distortion 
when an image displayed on a liquid crystal panel of The aspheric coefficients of the 16th surface are given in 
approximately 0.9 inch diagonal in size is magnified to Table 4 . 
approximately 60 inches and projected . As shown in FIG . 
11 , grid images can be formed at approximately equal TABLE4 intervals , and trapezoidal distortion may be suitably cor 
rected . Projection size is 1200x900 mm , magnification is Conic Constant : k 
65x or higher , and distortion is 0.5 % or lower , which values 20 4th - order Coefficient : A 
are desirable . 6th - order Coefficient : B -5.10327E - 12 

gth - order Coefficient : C 
Embodiment 2 

Embodiment 2 is a specific embodiment of an image 25 The coefficient values of the 17th surface , which is a 
projection apparatus and a projection optical system shown polynomial free - form surface , are given in Table 5 . 
in FIG . 12. In FIG . 12 , the projection optical system of the 
image projection apparatus is shown enlarged . TABLE 5 

The projection optical system includes a first optical 
Coefficient Coefficient Value system 81 and a second optical system 82. The first optical 

system 81 is composed of six lenses 811 through 816. The 
second optical system 82 is composed of two reflecting 
surfaces 821 and 822. A diaphragm ( not graphically repre 4.16197E - 05 

sented ) is provided between the lenses 813 and 814 . -3.53627E - 08 Like in Embodiment 1 , an intermediate image is formed 
as an inverted image by the first optical system 81 between 35 
the reflecting surfaces 821 and 822. The reflecting surface 
821 , which has positive power and reflects a light beam 
made incident on the second optical system 82 first , has a 
rotationally symmetric aspheric figure . The reflecting sur -5.09377E - 12 face 822 is a polynomial free - form surface . In Embodiment 40 -5.59615E - 12 2 , the employment of a rotationally symmetric aspheric 
figure makes it possible to design with higher latitude . 

The data of Embodiment 2 is shown in Table 3 . 

4.43120E - 16 

30 
6.11879E - 03 
4.61411E - 03 

2.53381E - 05 

X2 
Y2 
X2Y 
Y3 
X4 
X2Y2 
Y4 
X4Y 
X3Y2 
Y5 
X6 
X4Y2 
X2Y4 
Y6 

2.62702E - 07 
1.81518E - 07 

-9.91605E - 10 
-3.16955E - 11 
1.39821E - 09 
3.21795E - 12 

7.45481E - 12 

TABLE 3 

Surface 
No. 

Radius of Surface 
Curvature Separation 

Refractive 
Index Dispersion Shift Tilt Figure 

8 8 
64.1983 

0 
1 
2 
3 
4 

55.4597 -22.35 

10.00 
30.00 
10.00 
8.07 

17.13 
11.00 
29.98 
0.85 
1.44 

13.72 

1.516798 
1 
1.696802 
1 
1.696802 
1 
1.5168 

-108.87 
-42.82 
46.85 
83.16 

-157.78 
44.03 

55.4597 -12.67 

3.3 Spherical 
Spherical 

9.3 Spherical 
Spherical 

-38.9 Spherical 
Spherical 

64.1673 -2.20 
1 

1 

37.3451 -10.17 

6 
7 
8 
9 

Diaphragm 
10 
11 
12 
13 
14 
15 
16 
17 

37.3451 -5.03 

103.77 
-109.21 

53.50 
186.49 

-138.57 
51.18 

1000.00 

8.23 
80.56 
6.62 

16.42 
11.00 
82.19 

-150.00 

1.846663 
1 
1.7433 
1 
1.487489 
1 

70.4412 1.51 

Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 

-45.0 Aspheric 
25.0 Polynomial 

Free - Form 
Surface 

1 -64.67 
10.0 
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Embodiment 3 ( not graphically represented ) is provided between the lenses 
913 and 914 . 

Embodiment 3 is a specific embodiment of an image Like in Embodiments 1 and 2 , an intermediate image is 
projection apparatus and a projection optical system shown formed between the reflecting surfaces 921 and 922. The 
in FIG . 13 . 5 intermediate image is formed as an inverted image by the 
The projection optical system includes a first optical first optical system 91. The reflecting surface 921 , which has 

system 91 and a second optical system 92. The first optical positive power and reflects a light beam made incident on 
system 91 is composed of five lenses 911 through 915. The the second optical system 92 first , has a spherical figure . The 
second optical system 92 is formed of two reflecting sur reflecting surface 922 is a polynomial free - form surface . 
faces 921 and 922. The lens 913 is doublet . A diaphragm The data of Embodiment 3 is shown in Table 6 . 

TABLE 6 

Surface 
No. 

Radius of Surface 
Curvature Separation 

Refractive 
Index Dispersion Shift Tilt Figure 

6.5 

-9.32 

0 
1 
2 
3 
4 
5 

6 
7 

10.00 
34.30 
10.00 
3.85 
1.50 
6.65 

15.54 
9.07 
3.86 
7.50 
2.74 

-41.55 
-30.93 
52.03 

-4072.62 
19.64 

174.75 
17.83 

-10.85 

1.516798 
1 
1.696802 
1 
1.696802 
1 
1.487489 
1.846663 
1 
1 

64.1983 
0 

55.4597 
0 

55.4597 
0 

70.4412 
23.7848 
0 
0 

2.2 Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 

-2.17 
8 

-1.32 

9 
10 

Diaphragm 
11 
12 
13 
14 
15 
16 

36.07 
-177.66 
-33.64 
-111.32 
3000.00 

3.07 
8.26 
0.65 

50.00 
-140.00 

1.834001 
1 
1.487489 
1 

1 
1 

37.3451 
0 

70.4412 
0 

0.72 

Spherical 
Spherical 
Spherical 
Spherical 

-45.0 Spherical 
-45.0 Polynomial 

Free - Form 
Surface 

0 
0 

-46.57 
-64.67 

As is apparent from Table 6 , the first surface of the lens 
35 911 ( the 3rd surface in Table 6 ) is tilted 2.2 degrees . Mean 

while , the lenses 912 through 915 are not tilted but shifted 
with respect to the optical axis of the lens 911. The lens 913 
of the dioptric system is a doublet , which acts as a group . 

40 
The coefficient values of the 16th surface , which is a 

polynomial free - form surface , are shown in Table 7 . 

45 TABLE 7 

Coefficient Coefficient Value 

X2 
Y2 
X2Y 50 

Y3 

7.45075E + 11 
5.93127E + 11 
6.02215E + 07 
4.60347E + 07 
8.71082E + 04 
4.41306E + 05 
4.54450E + 05 
3.01303E + 03 
1.30460E + 03 
3.27666E + 03 
1.09946E + 01 
4.38811E + 01 
1.35219E + 01 
1.53991E + 00 

X4 
X2Y2 
Y4 
X4Y 
X3Y2 
Y5 
X6 
X4Y2 
X2Y4 
Y6 

55 

60 

Embodiment 4 

65 Embodiment 4 has the same optical configuration as 
Embodiment 3 ( FIG . 13 ) , but has different data . 
The data of Embodiment 4 is shown in Table 8 . 
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TABLE 8 

Surface 
No. 

Radius of Surface 
Curvature Separation 

Refractive 
Index Dispersion Shift Tilt Figure 

6.5 
8 8 8 

-13.74 

10.00 
34.30 
10.00 
2.85 
1.50 
7.25 

15.54 
8.27 
3.75 
4.76 
10.32 

1.516798 
1 
1.696802 
1 
1.696802 
1 
1.487489 
1.846663 

-43.18 
-29.34 
61.46 

-368.49 
20.42 

158.23 
18.54 

-10.00 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Diaphragm 
11 
12 
13 
14 
15 
16 

64.1983 
0 

55.4597 
0 

55.4597 
0 
70.4412 
23.7848 
0 
0 

0.6 Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 

-1.71 

1 

1 5.00 

-1.26 45.42 
-120.79 
-91.19 
118.18 

3000.00 

2.98 
7.52 
0.55 

50.00 
-140.00 

-4.68 

1.834001 
1 
1.487489 
1 
1 
1 

37.3451 
0 

70.4412 
0 
0 
0 

Spherical 
Spherical 
Spherical 
Spherical 

-45.0 Spherical 
-45.0 Polynomial 

Free - Form 
Surface 

-38.18 
-64.67 

The coefficient values of the 16th surface , which is a 
polynomial free - from surface , are shown in Table 9 . 

TABLE 9 - continued 
25 Coefficient Coefficient Value 

TABLE 9 

Coefficient Coefficient Value 

Y5 
X6 
X4Y2 
X2Y4 
Y6 

3.04301E - 09 
9.74181E - 12 

-7.12811E - 11 
-2.11334E - 11 
1.03287E - 11 30 X2 

Y2 
X2Y 
Y3 
X4 
X2Y2 
Y4 
X4Y 
X3Y2 

7.77494E - 03 
6.11413E - 03 
6.97088E - 05 
5.28322E - 05 

-1.09108E - 07 
5.14945E - 07 
5.13271E - 07 

-4.03993E - 09 
2.45390E - 09 

Embodiment 5 
35 Embodiment 5 has the same optical configuration as 

Embodiment 3 ( FIG . 13 ) , but has different data . 
The data of Embodiment 5 is shown in Table 10 . 

TABLE 10 

Surface Radius of Surface Refractive 
No. Curvature Separation Index Dispersion Shift Tilt Figure 

0 10.00 
1 8 8 8 34.30 1.516798 64.1983 
2 10.00 1 0 

3 -33.48 0.80 1.696802 55.4597 -9.32 
4 -28.97 1.50 1 0 

5 116.57 8.85 1.696802 55.4597 -10.85 

6 -61.93 15.54 1 0 

-4.2 Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 
Spherical 

7 81.87 9.38 1.487489 70.4412 -2.17 
8 -36.19 2.11 1.846663 23.7848 

9 -63.01 14.39 1 0 

10 10.20 1 0 

Diaphragm 
11 19.82 7.50 1.834001 37.3451 -1.32 
12 16.21 21.23 1 0 

13 -11.77 7.37 1.487489 70.4412 0.72 

14 -15.25 50.00 1 0 

Spherical 
Spherical 
Spherical 
Spherical 

-45.0 Spherical 
27.0 Polynomial 

Free - Form 

15 5000.00 -140.00 1 0 -44.10 
16 700.00 1 0 10.00 

Surface 



X2 
Y2 

Y3 
X4 
X2Y2 
Y4 
X4Y 
???2 
Y5 
X6 

5.58060E - 03 
5.34322E - 05 
4.38966E - 05 

-6.71655E - 08 
3.76878E - 07 
2.54814E - 07 

-1.63976E - 09 
1.70448E - 09 
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The coefficient values of the 16th surface , which is a through 5 , with respect to the optical axis of the optical 
polynomial free - form surface , are shown in Table 11 . element ( lens ) 911 , positioned furthest on the object side in 

the first optical system and having refractive power , the 
TABLE 11 other optical elements 912 through 915 of the first optical 

5 system 91 are not tilted . 
Coefficient Coefficient Value In Embodiments 3 and 4 , the first optical system 91 is 

composed of two or more groups . Of the two or more 6.54399E - 03 groups , the lens 913 forming a group as a doublet is shifted . 
X2Y In each of Embodiments 1 through 5 , at least one of the 

10 reflecting surfaces included in the second optical system is 
a free - form surface . Of the reflecting surfaces included in the 
second optical system , the reflecting surface positioned 
furthest on the side of the position at which the normal 
image is formed is a free - form surface . Further , in Embodi 

-7.72777E - 11 ments 1 through 5 , the reflecting surface having positive 
X4Y2 -3.04830E - 11 power and reflecting a light beam made incident on the 
X2Y4 second optical system first is rotationally symmetric . In 

Embodiments 1 and 3 through 5 , the rotationally symmetric 
reflecting surface is a spherical reflecting surface . 

As described above , each of Embodiments 1 through 5 20 In each of Embodiments 1 through 5 , the first optical 
includes a positive - power first optical system including at system is formed of only a dioptric system , and the dioptric 
least one dioptric system and a second optical system having system of the first optical system excludes an aspheric 

surface figure . positive power as a whole , the second optical system includ Accordingly , an image projection apparatus is realized by ing at least one reflecting surface having power . The first and combining an object with the projection optical system of second optical systems are arranged in the order described any of Embodiments 1 through 5 . from upstream to downstream on the downstream side of an 
object . An object image is temporarily formed as an inter Embodiment 6 
mediate image , and thereafter , is formed as a normal image . 
With respect to the optical axis of an optical element that is Embodiment 6 is a specific embodiment of the projection 
positioned furthest on the object side in the first optical optical system and the image projection apparatus described 
system and has refractive power , one or more of the other with reference to FIGS . 9 and 10 . 
optical elements are shifted or tilted . In Embodiments 3 The data of Embodiment 6 is shown in Table 12 . 

1.01693E - 11 15 

-1.70416E - 11 
-4.26270E - 13 Y6 

25 

30 

TABLE 12 

Surface 
No. 

Radius of Surface 
Curvature Separation 

Refractive 
Index Dispersion Figure Shift Tilt 

0 22 1 
1 8 8 8 1.62 59.51 34.3 

7.1 2 1 

3 1.74 44.9 8.22 0.264 
4 
5 

-94 

-42.9 
140.1 

-106.3 
54.2 

5.06 
0.1 
5.02 
1.95 

15.69 

1 
1.53 66.01 

6 1 

Plane 
Plane 
Plane 
Spherical 
Spherical 
Spherical 
Spherical 
Aspheric 
Spherical 
Spherical 
Spherical 
Spherical 
Plane 

1.5 69.24 
27.59 8 1.76 

1 9 
- 39.6 
41.2 

-79.3 
-33 

10 

17.47 
21.71 
5.74 
1.35 

93.3 

1.75 34.1 
11 1 
12 1 

Diaphragm 
13 1.63 57.93 
14 1 
15 
16 

-50.6 
-159.1 
186.7 
96.1 

-553.4 
212.4 
157.6 

25 
42.86 
25 
47.89 
50 
25 
185 

1.68 
1.56 

31.56 
63.6 

17 
18 

1 
1.72 35.45 

19 1 

Spherical 
Spherical 
Aspheric 
Spherical 
Spherical 
Spherical 
Polynomial 
Free - Form 
Surface 
Axially 
Symmetric 
Reflecting 
Surface 
Polynomial 
Free - Form 

20 10000 -266 1 13.68 46 

21 0 780.85 1 77.69 -32.9 

Surface 



K 

10 

B 
? 
D 
E 
F 
G 
H 
I 

0 
-1.35E - 06 
-1.56E - 09 
2.72E - 13 

-4.35E - 15 
0.00E + 00 
0.00E + 00 
0.00E + 00 
0.00E + 00 
0.00E + 00 

0.286791 
-6.00E - 09 
-1.22E - 11 
8.92E - 16 
1.40E - 20 
4.55E - 23 

-1.29E - 26 
7.10E - 31 
1.73E - 34 

-1.83E - 38 
15 

21st Surface 

?????? 
X2 
Y2 
X2Y 
Y3 
X4 

-0.00095 
-0.00096 
-1.94E - 07 
-3.80E - 07 
-1.06E - 07 
-2.11E - 07 
-1.01E - 07 
5.54E - 11 

-4.67E - 11 
-7.62E - 14 
-8.23E - 13 

0.002876 
0.00173 
-1.03E - 05 
-5.02E - 06 
3.07E - 09 
5.56E - 08 
2.42E - 08 
1.17E - 11 

-1.45E - 10 
-1.72E - 15 

Y4 
X4Y 
Y5 
X6 
X4Y2 
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The aspheric coefficients of the 7th and 15th surfaces are of frequencies of 0 to 0.5 c / mm at X = 1.0X . FIGS . 15 
given in Table 13 . through 17 show that Embodiment 6 has good MTF char 

acteristics . 
TABLE 13 According to the projection optical system of Embodi 

5 ment 6 , a reflection dioptric system includes first and second Coefficient 7th Surface 15th Surface reflecting mirrors arranged in the order described from 
upstream to downstream on the downstream side of the 
transmission dioptric system , and the intermediate image 
surface of a projected object surface is positioned between 
the first and second reflecting mirrors . The first reflecting 
mirror has a negative - power , axially symmetric reflecting 
surface ( the 22nd surface ) . The second reflecting mirror has 
an anamorphic polynomial free - form surface having differ 
ent vertical and lateral powers ( the 23rd surface ) . An anamor 
phic polynomial free - form surface having different vertical 

The coefficient values of the 19th and 21st surfaces , which and lateral powers ( the 19th surface ) is provided in the 
are polynomial free - form surfaces , are given in Table 14 . transmission dioptric system as a part correcting the aspect 

ratio of the intermediate image surface of a projected object 
TABLE 14 20 surface . 

It is possible to correct the aspect ratio of the intermediate 
Coefficient 19th Surface image through the figure of a reflecting mirror in the 

reflection dioptric system . However , it is desirable that the 
figure of the reflecting mirror of the reflection dioptric 

25 system be determined mainly in terms of distortion correc 
tion . Accordingly , it is desirable that the aspect ratio be 

X2Y2 adjustable beforehand in the transmission dioptric system . 
Accordingly , it is effective to employ the above - described 
anamorphic polynomial free - form surface as a part correct 

30 ing the aspect ratio in the transmission dioptric system . 
-7.17E - 13 The number of polynomial free - form surfaces employed 

X2Y4 -1.19E - 16 1.19E - 13 in the transmission dioptric system is not limited to one . 
6.52E - 13 However , according to Embodiment 6 , the employment of 

only the single polynomial free - form surface ( the 19th 
MTF performance and distortion on a screen by the 35 surface ) in the transmission dioptric system produced suf 

projection optical system of Embodiment 6 are 60 % or ficient correction effect . The polynomial free - form surface 
higher and 2 % or lower , respectively , at a frequency of 0.5 employed in the transmission dioptric system may be posi 
c / mm . tioned close to the projected object surface . However , it is 

In Embodiment 6 , the screen onto which a normal image desirable that the polynomial free - form surface be posi 
is projected is 60 inches in size . The maximum width of the 40 tioned close to the projection surface side in the transmission dioptric system in order to increase the correction effect . projection optical system in a direction perpendicular to the In the transmission dioptric system , an NA ( +0.143 ) on screen is 472 mm . the projected object surface side is greater than an NA MTF performance at an evaluation frequency of 0.5 c / mm 
was examined , setting grid lines of 1.0Y , + 0.5Y , 0.0Y , 45 nification of the intermediate image M1 ( = 1.5 ) falls within ( = 0.01 ) on the intermediate image surface side . The mag 
+ 1.0X , + 0.5X , and 0.0X along the X axis ( rightward and the range of 1 to 5. The magnification of projection ( = 75x ) 
leftward directions ) and the Y axis ( upward and downward is 40x or higher . The angle of projection to a projection 
directions ) on the screen as shown in FIG . 14. Table 15 surface o ( = 11 degrees ) is 5 degrees or greater . 
shows the results ( MTF values ) of the examination . In the case of forming the transmission dioptric system , its 

50 NA on the projected object surface side ( hereinafter , an 
TABLE 15 NA1 ) is determined by the orientation distribution charac 

teristics of an illumination system , while its NA on the 0.5 X intermediate image surface side ( hereinafter , an NA2 ) is 
changeable by the arrangement and the configuration of the 

55 transmission dioptric system . In order to increase magnifi 
cation of projection , it is effective to increase the power of 
the reflection dioptric system . This , however , reduces the 
focal length of the reflection dioptric system on its image or 
downstream side so that the focal point of light beams is 

FIG . 15 shows MTF characteristics in the saggital direc- 60 shifted to the reflecting mirror side of the reflection dioptric 
tion ( s ) and the meridional direction ( m ) at + 1.0Y and 0.OY system . As a result , only a small - size normal image can be 
in the range of frequencies of 0 to 0.5 c / mm at X = 0.0X . FIG . formed . That is , magnification is reduced . In order to elimi 
16 shows MTF characteristics in the saggital direction ( s ) nate this disadvantage , the NA2 of light beams incident on 
and the meridional direction ( m ) at + 1.0Y and 0.OY in the the reflection dioptric system was focused on . As a result , it 
range of frequencies of 0 to 0.5 c / mm at X = 0.5X . FIG . 17 65 was determined that making the NA2 smaller than the NA1 
shows MTF characteristics in the saggital direction ( s ) and had a remarkable effect in increasing the projection optical 
the meridional direction ( m ) at + 1.0Y and 0.0Y in the range system magnification . 

Y6 1.20E - 13 

0.0 X 1.0 X 

1.0 Y 
0.5 Y 
0.0 Y 

-0.5 Y 
-0.1 Y 

76.7 % 
71.5 % 
83.1 % 
91.2 % 
92.6 % 

74.3 % 
74.7 % 
82.1 % 
85.0 % 
71.6 % 

73.4 % 
75.4 % 
79.7 % 
83.9 % 
83.1 % 
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It was determined that the NA2 might be 0.005 to 0.01 to [ 7. The projection optical system as claimed in claim 2 , 
realize a magnification projection optical system magnifying wherein the first optical system is configured to form the 
and projecting the image of a projected object surface of 0.9 intermediate image with a distortion inverse to a possible 
inch diagonal size onto a 60 - inch screen with a thickness of trapezoidal distortion of the final image . ] 
500 mm or less . If the NA2 is overly reduced , the overall 5 [ 8. The projection optical system as claimed in claim 2 , 
length of the transmission dioptric system increases . wherein the first optical system is configured to form the Accordingly , the NA2 is desirably 0.005 to 0.01 , considering intermediate image distorted inversely relative to the final the downsizing of the entire apparatus . image narrowed downward and distorted . ] If the NA2 is set to 0.01 or greater , the transmission 
dioptric system is made compact . However , an increase in 10 wherein the first optical system is configured to tilt the [ 9. The projection optical system as claimed in claim 1 , 
the NA tends to make it difficult to perform distortion 
correction on the projection screen or ensure magnification intermediate image with respect to a principal ray of a light 
performance . The upper limit of the NA2 may be 0.01 or beam emitted from a center of a surface of the object 
greater for a screen size smaller than 60 inches . surface . ] 

The image projection apparatus of the present invention 15 [ 10. A projection optical system for use in an image 
may be of a front projector type or of a rear projection type projection apparatus projecting an image of an object and 
with a folding mirror folding back an imaging optical path . forming a final image on a plane , the projection optical 

The present invention is not limited to the specifically system comprising : 
disclosed embodiments , and variations and modifications first and second optical systems arranged so that the first 
may be made without departing from the scope of the 20 optical system is closer to the object than the second 
present invention . optical system ; 

The present application is based on Japanese priority wherein the first optical system includes at least one 
patent applications No. 2003-029595 , filed on Feb. 6 , 2003 , dioptric system and has positive power , 
No. 2003-029602 , filed on Feb. 6 , 2003 , and No. 2003 the second optical system includes at least one reflecting 
409304 , filed on Dec. 8 , 2003 , the entire contents of which 25 surface having positive power , 
are hereby incorporated by reference . the image of the object is formed as an intermediate image 

What is claimed is : in an optical path of the first and second optical [ 1. A projection optical system for use in an image systems , and the intermediate image is magnified and projection apparatus projecting an image of an object and projected , and forming a final image on a plane , the projection optical 30 the second optical system is configured so that an optical system comprising : path from the reflecting surface having the positive first and second optical systems arranged so that the first power to the final image is longer at a position thereof optical system is closer to the object than is the second 
optical system ; farthest from the object than at a position thereof 

closest to the object . ] wherein the first optical system includes at least one 35 
dioptric system and has positive power , [ 11. The projection optical system as claimed in claim 10 , 

the second optical system includes at least one reflecting wherein a difference between the optical path from the 
surface having positive power , reflecting surface having the positive power to the position 

the image of the object is formed as an intermediate image of the final image farthest from the object and the optical 
in an optical path of the first and second optical 40 path from the reflecting surface having the positive power to 
systems , and the intermediate image is magnified and the position of the final image closest to the object is 663 mm 
projected , and or more . ] 

the second optical system is configured so that an angle of [ 12. The projection optical system as claimed in claim 10 , 
incidence to a projection surface on the plane is greater wherein the first optical system is configured to distort the 
at a position farthest from the object than at a position 45 intermediate image so as to offset a possible trapezoidal 
closest to the object on the final image . ] distortion of the final image . ] 

[ 2. The projection optical system as claimed in claim 1 , [ 13. The projection optical system as claimed 10 , wherein 
wherein a difference between the angle of incidence at the the first optical system is configured to form the intermediate position of the final image farthest from the object and the image with a distortion inverse to a possible trapezoidal angle of incidence at the position of the final image closest 50 distortion of the final image . ] 
to the object is 53 degrees or more . ] [ 14. The projection optical system as claimed in claim 10 , [ 3. The projection optical system as claimed in claim 1 , wherein the first optical system is configured to form the wherein the first optical system is configured to distort the 
intermediate image so as to offset a possible trapezoidal intermediate image distorted inversely relative to the final 
distortion of the final image . ] image narrowed downward and distorted . ] 

[ 4. The projection optical system as claimed in claim 1 , [ 15. The projection optical system as claimed in claim 11 , 
wherein the first optical system is configured to form the wherein the first optical system is configured to distort the 
intermediate image with a distortion inverse to a possible intermediate image so as to offset a possible trapezoidal 
trapezoidal distortion of the final image . ] distortion of the final image . ] 

[ 5. The projection optical system as claimed in claim 1 , 60 [ 16. The projection optical system as claimed in claim 11 , 
wherein the first optical system is configured to form the wherein the first optical system is configured to form the 
intermediate image distorted inversely relative to the final intermediate image with a distortion inverse to a possible 
image narrowed downward and distorted . ] trapezoidal distortion of the final image . ] 

[ 6. The projection optical system as claimed in claim 2 , [ 17. The projection optical system as claimed in claim 11 , 
wherein the first optical system is configured to distort the 65 wherein the first optical system is configured to form the 
intermediate image so as to offset a possible trapezoidal intermediate image distorted inversely relative to the final 
distortion of the final image . ] image narrowed downward and distorted . ] 
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[ 18. A projection optical system for use in an image the second optical system is configured so that an optical 
projection apparatus projecting an image of an object and path from the reflecting surface having the positive 
forming a final image on a plane , the projection optical power to the final image is longer at a position thereof 
system comprising : farthest from the object than at a position thereof 

first and second optical systems arranged so that the first 5 closest to the object . ] 
optical system is closer to the object than the second [ 23. An image projection apparatus configured to project 
optical system ; an image of an object and form a final image on a plane , the 

wherein the first optical system includes at least one image projection apparatus comprising : 
dioptric system and has positive power , an image forming part configured to be illuminated with 

the second optical system includes at least one reflecting 10 illumination light and to form the image of the object ; surface having positive power , first and second optical systems arranged so that the first the image of the object is formed as an intermediate image optical system is closer to the image forming part than in an optical path of the first and second optical is the second optical system , systems , and the intermediate image is magnified and 
projected , and wherein the first optical system includes at least one 

the first optical system is configured to form the interme dioptric system and has positive power , 
diate image with a distortion inverse to a possible the second optical system includes at least one reflecting 
trapezoidal distortion of the final image . ] surface having positive power , 

[ 19. The projection optical system as claimed in claim 18 , the image of the object is formed as an intermediate image 
wherein the first optical system is configured to distort the 20 in an optical path of the first and second optical 
intermediate image so as to offset the possible trapezoidal systems , and the intermediate image is magnified and 
distortion of the final image . ] projected , and 

[ 20. The projection optical system as claimed in claim 18 , the first optical system is configured to form the interme 
wherein the first optical system is configured to form the diate image with a distortion inverse to a possible 
intermediate image distorted inversely relative to the final 25 trapezoidal distortion of the final image . ] 
image narrowed downward and distorted . ] 24. An image projection apparatus , comprising : 

[ 21. An image projection apparatus configured to project a liquid crystal panel or a digital micromirror device an image of an object and form a final image on a plane , the ( DMD ) ; image projection apparatus comprising : 
an image forming part configured to be illuminated with 30 a plurality of lenses , and 

illumination light and to form the image of the object ; a concave mirror ; 
first and second optical systems arranged so that the first wherein a picture formed in the liquid crystal panel or the 

optical system is closer to the image forming part than DMD exits from the plurality of lenses to be incident on 
is the second optical system ; and reflected from the concave mirror to be magnified 

wherein the first optical system includes at least one 35 and projected , 
dioptric system and has positive power , an intermediate image is formed between the liquid 

the second optical system includes at least one reflecting crystal panel or the DMD and the concave mirror , 
surface having positive power , the intermediate image is tilted and curved with respect to the image of the object is formed as an intermediate image a principal ray of a light beam emitted from a center of in an optical path of the first and second optical 40 the liquid crystal panel or the DMD , systems , and the intermediate image is magnified and 
projected , and the liquid crystal panel or the DMD is disposed shifted in 

the second optical system is configured so that an angle of a plane perpendicular to an optical axis of the plurality 
of lenses , incidence to a projection surface on the plane is greater 

at a position farthest from the object than at a position 45 an optical path length between the concave mirror and a 
closest to the object on the final image . ] projected image of the picture increases as an angle 

[ 22. An image projection apparatus configured to project between the light beam incident on the concave mirror 
an image of an object and form a final image on a plane , the and the light beam reflected from the concave mirror 
image projection apparatus comprising : increases , 

an image forming part configured to be illuminated with 50 the light beam from concave mirror converges , and 
illumination light and to form the image of the object ; the light beam reflected from the concave mirror crosses 

first and second optical systems arranged so that the first the optical axis of the plurality of lenses . 
optical system is closer to the image forming part than 
is the second optical system , 25. The image projection apparatus according to claim 

24 , wherein the plurality of lenses and the concave mirror wherein the first optical system includes at least one 55 are shifted in a same direction relative to the liquid crystal dioptric system and has positive power , panel or the DMD . the second optical system includes at least one reflecting 
surface having positive power , 26. The image projection apparatus according to claim 

the image of the object is formed as an intermediate image 25 , wherein a perpendicular of a surface of the liquid crystal 
in an optical path of the first and second optical panel or the DMD is parallel to the optical axis of the 
systems , and the intermediate image is magnified and plurality of lenses . 
projected , and 
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